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CHAPTER  I. 

THREE-DIMENSIONAL  NONPERTURBATIVE  ANALYTIC  MODEL 
OF  VIBRATIONAL  ENERGY  TRANSFER  IN  ATOM-MOLECULE  COLLISIONS 


1.  Introduction 

Vibrational  energy  transfer  processes  in  collisions  of  diatomic  molecules  play  an 
extremely  important  role  in  gas  discharges,  molecular  lasers,  plasma  chemical  reactors,  high 
enthalpy  gas  dynamic  flows,  and  in  the  physics  of  the  upper  atmosphere.  In  these  nonequilibrium 
environments,  the  energy  loading  per  molecule  may  be  as  high  as  0. 1-5.0  eV,  while 
disequipartition  among  translational,  vibrational,  and  electronic  energy  modes  of  heavy  species, 
and  with  the  free  electron  energy,  may  be  very  strong.  This  often  results  in  development  and 
maintaining  of  strongly  nonequilibrium  molecular  vibrational  energy  distributions,  which  induce 
a  variety  of  energy  transfer  processes  among  different  energy  modes  and  species,  chemical 
reactions,  and  ionization  [1-4].  The  rates  of  these  processes  are  determined  by  the  populations  of 
high  vibrational  levels  of  molecules,  which  are  often  controlled  by  vibration-translation  (V-T) 
processes 


AB(i)  +  M  AB(f)  +  M  (1) 

and  vibration-vibration  (V-V-T)  processes 

ABCO  +  CDOJ  AB(ft)  +  CD(f2)  (2) 

In  Eqs.  (1)  and  (2),  AB,  CD,  and  M  represent  diatomic  molecules  and  an  atom,  respectively,  and 
i1(  i 2,  ft,  and  f2  are  vibrational  quantum  numbers. 

Quantitative  data  on  the  mechanisms  and  kinetic  rates  of  these  processes  are  needed  for 
numerous  practical  applications,  including  novel  chemical  technologies,  environmental  pollution 
control,  and  radiation  prediction  in  aerospace  propulsion  flows,  in  high  altitude  rocket  plumes 
and  behind  shock  waves.  There  exists  an  extensive  literature  on  the  experimental  study  of  V-T 
and  V-V-T  energy  transfer,  including  recent  state-specific  rate  measurements  for  highly 
vibrationally  excited  molecules,  such  as  NO,  02,  and  CO  [5-9].  However,  for  many  high- 
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temperature  and  high  vibrational  quantum  number  energy  transfer  processes,  the  experimental 
rate  data  are  still  unavailable.  As  a  result,  most  such  rates  used  in  applied  kinetic  modeling  are 
based  on  theoretical  scattering  calculations.  Among  numerous  theoretical  rate  models  available, 
one  can  separate  the  following  major  approaches:  (i)  fully  quantum  calculations,  (ii)  classical, 
quasiclassical,  and  semiclassical  numerical  trajectory  calculations,  and  (iii)  analytic  methods. 

Since  the  exact  quantum  calculations  are  rather  computationally  laborious,  they  have 
been  usually  made  for  a  simplified  model  of  collinear  collisions  of  harmonic  oscillators  and  used 
as  tests  for  more  approximate  approaches  [10-12].  However,  some  three-dimensional 
calculations  of  the  state-specific  vibrational  energy  transfer  rates  for  02-02  using  vibrational 
close-coupling  infinite-order  sudden  approximation  (VCC-IOSA)  have  been  recently  published 
[13]. 

Classical  and  quasiclassical  trajectory  methods,  such  as  used  for  calculations  of 
vibrational  relaxation  rates  for  02-Ar  [14],  N2-N,  and  02-0  [15,16],  are  applicable  only  for 
calculation  of  rather  large  transition  probabilities.  For  accurate  predictions  of  small  transition 
probabilities  P«l,  a  large  number  of  collision  trajectories,  N-l/P,  have  to  be  averaged. 

Among  semiclassical  calculations,  one  can  mention  the  close-coupled  method  developed 
by  Billing  and  validated  by  comparison  with  the  exact  quantum  calculations,  as  well  as  with 
experimental  data  [17].  Trajectory  calculations  by  this  method  have  been  made  for  a  number  of 
species  such  as  H2,  N2,  02,  and  CO  [18-23]  in  a  wide  range  of  collision  energies  and  vibrational 
quantum  numbers.  These  results  comprise  perhaps  the  most  extensive  and  consistent  vibrational 
energy  transfer  rate  database. 

In  addition  to  some  fundamental  problems  encountered  in  calculations  by  these  advanced 
methods  (such  as  the  choice  of  the  three-dimensional  potential  energy  surface),  their  results  are 
often  difficult  to  interpret  and  use  in  kinetic  modeling  calculations.  First,  it  is  not  always  possible 
to  identify  the  key  energy  transfer  mechanisms  that  control  the  cross-sections  obtained.  Second, 
the  number  of  the  state-specific  rates  used  as  entries  in  modem  master  equation  kinetic  models 
for  studies  of  strongly  nonequilibrium  gases  and  plasmas  may  reach  104-105.  Even  if  some  of 
these  rate  data  are  available  from  three-dimensional  computer  calculations,  one  has  to  rely  on 
curve  fitting,  unreliable  extrapolation,  or  inaccurate  analytic  parametrization  to  incorporate  the 
rates  into  the  model.  As  a  result,  such  kinetic  models  do  not  provide  new  insight  into  kinetics, 
have  limited  applicability,  and  lack  predictive  capability. 
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Approximate  analytic  rate  expressions  are  also  widely  used  in  kinetic  modeling,  mostly 
because  of  their  simplicity.  However,  available  analytic  models  have  serious  inherent  flaws  that 
make  them  much  less  reliable  and  accurate  compared  to  numerical  scattering  calculations.  First, 
most  of  these  models,  such  as  the  Schwartz,  Slawsky,  Herzfeld  (SSH)  theory,  Rapp-Englander- 
Golden  model,  Sharma-Brau  theory  etc.  [24-27]  are  based  on  first-order  perturbation  theory 
(FOPT),  and  therefore  cannot  be  applied  at  high  collision  energies,  high  quantum  numbers,  and 
for  multi-quantum  processes  ( |  i-f  |  >1  in  Eqs.  (1,2)).  An  exception  is  the  nonperturbative  Forced 
Harmonic  Oscillator  (FHO)  model  [28-31],  which  takes  into  account  the  coupling  of  many 
vibrational  states  during  a  collision,  and  is  therefore  applicable  for  such  conditions.  Second, 
analytic  models  are  typically  developed  only  for  collinear  collisions  of  non-rotating  molecules.  A 
procedure  commonly  used  to  account  for  the  effects  of  realistic  three-dimensional  collisions  and 
molecular  rotation  is  the  introduction  of  adjustable  correction  parameters  ("steric  factors")  into 
the  resultant  rate  expression  [32].  These  coefficients,  which  are  assumed  to  be  temperature- 
independent,  have  very  little  or  no  theoretical  basis  and  are  found  from  comparison  of  a  simple 
model  with  experiments  or  three-dimensional  calculations. 

There  have  been  various  attempts  to  develop  non-empirical  expressions  for  the  steric 
factors  and  also  to  incorporate  the  effect  of  rotation  into  analytic  models  [32-35].  In  most  of 
them,  the  simplifying  assumptions  made,  such  as  analyzing  of  collisions  of  arbitraryly  oriented, 
but  non-rotating,  molecules  [32],  or,  on  the  contrary,  considering  only  collisions  of  rapidly 
rotating  "breathing  spheres"  (i.e.  isotropic  three-dimensional  oscillators)  [33-35],  were 
unrealistic.  In  addition,  the  coupled  effects  of  orientation  of  colliding  partners,  molecular 
rotation,  and  non-zero  impact  parameter  collisions  have  been  analyzed  separately.  Finally,  the 
procedure  of  comparison  between  the  experimental  relaxation  rates  and  the  analytic  rates 
corrected  for  non-collinear  orientation  and  rotation,  used  by  some  authors  to  validate 
theoretically  obtained  values  of  the  steric  factors,  is  hardly  conclusive.  It  such  cases,  the 
agreement  obtained  might  well  be  due  to  the  formal  adjustment  of  the  intermolecular  potential 
parameters  used,  i.e.  to  a  curve  fitting.  The  only  credible  procedure  for  analytic  model  validation 
would  be  comparing  its  predictions  with  the  results  of  three-dimensional  numerical  calculations 
made  for  the  same  potential  energy  surface. 

The  present  work  addresses  development  of  a  semiclassical  analytic  vibrational 
relaxation  model  that  incorporates  the  effects  of  three-dimensional  collisions  and  molecular 
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rotation.  As  a  first  step,  we  analyze  energy  transfer  in  collisions  between  a  diatomic  molecule 
and  an  atom.  The  two  main  goals  of  this  study  are  (i)  analytic  transition  probabilities  that  must  be 
in  agreement  with  trajectory  calculations  and  (ii)  expressions  for  transition  probabilities  that  can 
be  easily  incorporated  in  nonequilibrium  kinetic  models.  Such  a  model  gives  new  insight  into 
mechanisms  of  vibrational  relaxation,  as  well  as  bridging  the  gap  between  state-of-the-art 
theoretical  scattering  techniques  and  their  use  for  practical  applications. 

2.  Collision  trajectories  and  transition  probabilities 

The  method  used  in  the  present  work  is  somewhat  similar  to  the  approach  developed  by 
Skrebkov  and  Smirnov  [36],  which  is  perhaps  the  most  advanced  of  available  analytic  models. 
They  calculated  the  trajectory  of  a  rotating  diatomic  molecule  colliding  with  an  atom  when  all 
three  atoms  are  moving  in  the  same  plane,  and  used  classical  mechanics  perturbation  theory  to 
evaluate  the  average  vibrational  energy  transmitted  in  a  collision.  They  also  assumed  a  local 
exponential  dependence  of  the  intermolecular  potential  on  all  collision  coordinates  q,, 
U  (qO  —exp  [-oc(qi-qoi)  ] ,  in  the  vicinity  of  the  turning  point.  This  constraint  forces  both  the 
translational  motion  and  the  rotation  to  stop  at  the  turning  point,  which  makes  the  motion 
equations  tractable  but  does  not  allow  incorporation  of  molecular  rotation  in  three  dimensions.  In 
the  present  work,  we  uncouple  the  translational  motion  and  the  three-dimensional  rotation, 
assuming  the  latter  to  be  unaffected  by  the  collision,  i.e.  free.  Then  the  only  effect  of  rotation  on 
the  collision  trajectory  is  the  periodic  modulation  of  the  interaction  potential.  Note  that  the 
assumption  of  free  rotation  is  quite  similar  to  the  basic  assumption  made  in  all  semiclassical 
theories,  which  evaluate  the  translational-rotational  trajectory  uncoupled  from  the  vibrational 
motion  of  the  oscillator.  Also,  instead  of  relying  on  perturbation  theory,  we  will  use  the  exact 
semiclassical  solution  of  the  Schrodinger  equation  (the  FHO  theory  [28-31])  to  evaluate  the 
vibrational  transition  probabilities.  This  will  expand  the  applicability  of  the  model  to  high 
collision  energies  and  allow  prediction  of  multi-quantum  vibrational  transition  rates. 

Let  us  analyze  the  dynamics  of  collisions  between  a  rotating  symmetric  diatomic 
molecule  and  an  atom.  First  consider  a  head-on  (zero  impact  parameter)  collision  (see  Fig.  1). 
For  the  pairwise  atom-to-atom  interaction  described  by  a  repulsive  exponential  function, 
Ui(Rj)=Aexp(-ocRj),  where  Ri  is  the  distance  between  the  atoms,  the  atom-molecule  interaction 
potential  can  be  written  as  follows: 
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U(R,r,'M  =  2Ae-aR 


coshl 


— cos$cos9 
2 


(3) 


In  Eq.  (3),  R  is  the  center-of-mass  distance,  r  is  the  separation  of  atoms  in  a  molecule,  is  the 
rotation  angle,  and  (p  is  the  angle  between  the  plane  of  rotation  and  the  radius  vector  R  (see  Fig. 
3).  To  derive  Eq.  (3),  we  used  the  approximation  (R2  +r2  /4  +  Rrcosd)1/2  «  R  +  rcosd/ 2 .  Let 
us  assume  that  the  rotation  is  free,  that  is,  neither  the  magnitude  nor  the  direction  of  the  angular 
momentum  vector  change  in  a  collision.  That  gives  $(t)=  $o+£2t,  tp(t)=cpo.  where  Q  is  the 
constant  angular  velocity  of  molecular  rotation,  and  the  subscript  "0"  means  "at  the  point  of 
maximum  interaction",  where  U  is  maximum.  To  calculate  the  semiclassical  trajectory  R(t),  we 
assume  r(t)=re,  where  re  is  the  equilibrium  atom  separation,  so  that 

U(R,re,t)  =  2Ae_aR(,)  cosh[dcos(£0  +  £2t)  cos(p0] 

(4) 

_  B  -aft(t)  cosh[d  cos  (go  +  flt)  cos  cp0  ] 
cosh[dcosd0  coscp0] 


where  d  =  are/2>l,R(t)=R(t)-Ro  and  B=2 Aexp (-aRo)cosh [dcos-d0cos(p0] .  One  can  see  that 

the  potential  (4)  consists  of  ftc  exponential  translational  part  modulated  by  the  periodic 
rotational  factor.  If  the  rotation  is  not  very  rapid,  the  modulation  can  substantially  change  the 
shape  of  the  time-dependent  perturbation,  U(R,t).  The  classical  equation  of  motion  for  this 

potential,  mR(t)  =  ,  can  be  easily  solved  if  the  rotation  is  slow,  so  that  the  potential 

9R 

U(R,  rc ,  t)  =  U  (R,  t)  can  be  expanded  near  the  point  of  maximum  interaction,  Ro, 

mR  (t)  «  aBe_aR(l)  [l  -  tanh(d  cos  cos  90  )d  sin  d0  cos  90  •  £2t] 

(5) 

*  ocBe'aR(‘)  [l  -  g(iV90)dQt] 
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where  g($0,(p0)  =  tanh(dcostf0 cos<p0)dsim30 coscp0  «—  sin  0  cos  cp0 ,  and  m  is  the  collision 

Cd 

reduced  mass.  Solving  Eq.  (5),  one  obtains 


e-oR(.) 


l  +  g(A).<Po)dflt 


cosh2 

atJ— 

cosh2 

V  2m 

coshjd  Costco  cos(p0] 
Goshfd  cos  (-fr0  +  nt)  cos  cp0  ] 


(6) 


and 


U(t)  = 


B 


cosh2 

l 

g 

|w 

i 

|_  V  2m  J 

B  =  U  (0) 


(7) 


Note  that  the  trajectory  of  Eq.  (7)  is  identical  to  the  well-known  result  of  one-dimensional  theory 
[37]  if  one  takes  parameter  B  (the  maximum  interaction  energy)  equal  to  the  translational  kinetic 
energy  at  infinity,  B=Etr=mVcc2/2.  In  our  case,  however,  B  depends  on  the  molecular  orientation 
and  its  rotational  energy  and  is  not  necessarily  equal  to  E(r.  Indeed,  the  full  derivative  of  the 
interaction  energy  given  by  Eq.  (4)  is 

DU(R(0.,)=8U6  +  jU  B?DUd| 

Dt  8R  3t  £  Dt 

In  Eq.  (8),  the  first  term  in  the  right-hand-side  is  the  work  of  the  potential  force  and  the  second  is 
the  interaction  energy  change  due  to  the  free  rotation,  which  depends  only  on  time.  Using  Eqs. 
(4,6,8),  one  can  obtain  an  implicit  expression  for  B, 

B  =  E  -  E„,  -  |g(#„ ,  %f  Em  +  Vfgfo ,  %  W2El0tB,  (9) 
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where  E=Etr+Erot  is  the  total  energy  of  a  molecule  at  infinity,  Erot=m0Q2re2/2  is  its  rotational 
energy,  m0  is  the  oscillator  reduced  mass,  and  2£=m/m0  is  the  ratio  of  the  collision  and  oscillator 
reduced  masses. 

For  non-zero  impact  parameter  collisions,  the  trajectory  can  be  found  by  taking  into 
account  only  radial  relative  motion  of  the  colliding  partners,  R(t),  in  the  vicinity  of  the  maximum 
interaction  point,  as  shown  in  Fig.  2.  Then  the  problem  is  reduced  to  the  case  considered  above 
by  replacing  the  kinetic  energy  E-Er0t  by  the  energy  of  the  radial  motion,  Erad=(E-Erot)[l- 
b2/R (t) 2] = (E-Erot) (l-b2/R02)  (the  so-called  modified  wavenumber  approximation  [34]).  Here  b  is 
the  impact  parameter  and  Ro  is  the  “collision  diameter”  (the  distance  at  the  maximum  interaction 
point).  This  approach  is  justifiable  for  short-range  repulsive  interactions  when  the  energy  transfer 
is  determined  by  a  small  portion  of  the  trajectory  near  the  maximum  interaction  point  [38]. 
Therefore  Eq.  (7)  for  the  trajectory  remains  unchanged  while  parameter  B  becomes 

/  -  *»  \  y 

-fg(^o.9o)2Erot+V5-g(^o.cPo)V2^B  (9a) 

Introducing  dimensionless  parameters  (3=B/E,  e=Er0t/E,  and  y=b2/R02,  and  solving  Eq.  (9a)  for 
Y  =  #  ,  one  has 


b  =  (e-eJi--  2 


Jr 

Rn 


U(t)  = 


Ey2 


cosh2 


yat. 


2m 


(7a) 


YteyA.90)  =  #  “  max 


0 sin  2  c°s.£l  ^/P  +  7a  -  e)  (T  -  y) 
2 


(10) 


Eq.  (7a)  describes  a  parametric  set  of  three-dimensional  trajectories  with  the  same  total  collision 
energy  E  and  various  values  of  rotational  energy,  impact  parameter,  and  orientation  of  collision 
partners,  characterized  by  a  single  factor  yt=(e,y,'do.tpo).  which  is  given  by  Eq.  (10).  The  factor 
Ey2  in  Eq.  (7a)  can  be  interpreted  as  the  effective  collision  energy.  One  can  see  that  at 
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e=y=T}0=(p0=0,  one  has  y=l,  E=Etr,  and  the  trajectory  coincides  with  the  one-dimensional  result 
for  a  head-on  collinear  collision  of  a  non-rotating  molecule  with  an  atom  [37]. 

The  applicability  of  Eqs.  (7a,  10)  is  limited  to  relatively  slow  molecular  rotation  by  an 
approximation  made  in  Eqs.  (3,4),g(tf  0 ,  (p0)dQx  ^  1 ,  where  t-2/a v„  is  the  time  scale  for  the 
interaction  energy  change.  Therefore  the  described  approach  is  valid  only  if 


e  =  E10l/E< 


1  (l-y2) 

2(l-y2/2)' 


(ii) 


so  that  the  collision  trajectory  of  a  rapidly  rotating  molecule  cannot  be  accurately  predicted, 
especially  at  large  impact  parameters.  However,  the  contribution  of  such  collisions  to  the  overall 
transition  probability  as  a  function  of  the  total  collision  energy  E  is  expected  to  be  small.  Indeed, 
for  such  collisions  (i)  the  available  translational  energy  of  radial  motion  is  small,  Ett=E(l- 
b2/Ro2)-Erot«E,  and  (ii)  the  potential  energy  surface  of  Eq.  (4)  becomes  nearly  isotropic  due  to 
the  rapid  rotation  so  that  the  “breathing  sphere”  model  [34]  become  applicable.  As  is  well  known 
[39],  the  vibrational  transition  probabilities  in  slow  repulsive  collisions  of  “breathing  spheres” 
(i.e.  isotropic  three-dimensional  oscillators)  drop  exponentially  as  the  collision  energy  Ett 
decreases.  Therefore,  in  the  present  work  we  disregard  such  collisions.  Later  we  will  show  that 
this  assumption  is  consistent  with  the  results  of  the  three-dimensional  trajectory  calculations. 

Having  calculated  the  free  rotation  collision  trajectory  (7a,  10),  now  we  can  evaluate  the 
semiclassical  vibrational  energy  transfer  probabilities  Pjf,  where  i  and  f  are  initial  and  final 
vibrational  quantum  numbers,  respectively.  For  this  we  will  use  the  FHO  theory  [28-31],  a 
nonperturbative  analytic  model,  originally  developed  for  collinear  collisions  of  a  nonrotating 
diatomic  molecule  and  an  atom.  This  model  is  based  on  the  exact  solution  of  the  Schrodinger 
equation  for  the  intermolecular  potential  U(R,r,fl,(p)  linearized  in  r  and  therefore  takes  into 
account  the  coupling  of  all  vibrational  quantum  states  during  a  collision.  It  is  applicable  up  to 
high  collision  energies  and  vibrational  quantum  numbers,  as  well  as  for  multiquantum 
transitions.  The  scaling  law  predicted  by  this  model,  i.e.  the  probability  dependence  on  the 
vibrational  quantum  numbers,  is  independent  of  the  potential  and  is  given  by  the  following 
relation  [38,40,41]: 
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P,f  =Js(2^)=^Q!“P 


_ 5t - Q2 

s+1  (s+1) 2  (s  +  2) 


(12) 


;  =  |i-f|  ,  ns  = 


max(i,f)! 
min(i,  f) ! 


1/s 


/ 


In  Eq.  (12),  Js  is  the  Bessel  function  of  the  s'11  order,  and  the  potential-dependent  parameter 
Q=AE/ft  co  is  the  average  dimensionless  energy  (i.e.  the  average  number  of  quanta)  transferred  to 
the  initially  nonvibrating  classical  oscillator  in  a  collision  [28,29]: 


OO 

I 


3U(R,f,t)A 
3r 


eiw,dt 


r=0 


(13) 


InEq.  (13),  r  =  r-r  ,  and  (l|r|0)2=-^- 

'  1  1  2m„co 


is  the  squared  matrix  element  of  the  transition  0— >1. 


Using  Eqs.  (4,7a),  one  obtains 


(lrlO)2q(fl0,cp0)V 


Q(E,e,y,iV<P0)  = 


h 2 


j  U  (t)eicotdt 


cos2  cos2  cp0 

40  .  ,  ,1"  7ico 

smh  - - - - 

auy(e,y,-0o,(po) 


(14) 


In  Eq.  (14),  q (-d0 ,  <p0 )  =  tanh(d  cos $0  cos  <p0  )cos  d0  cos  cp0  =  cos  cos  cp0 ,  co=  I  Ef-Ef \/sh  is  the 


average  vibrational  quantum  for  the  transition  i-»f,  0'  = 


47c  co  m 


,  0  =  — ,  and  u  =  V2E/m  . 


a2k  ’  ’  k 

Note  that  two  different  symbols,  i.e.  and  0 ,  are  being  used  throughout  the  work  for  the 
rotation  angle  and  the  characteristic  vibrational  temperature,  respectively.  The  product  uy  can  be 


li 


interpreted  as  an  effective  collision  velocity.  One  can  see  that  at  e=y=i3o=cpo=0.  one  has  y=l, 
E=Etr,  q ($0.90)21,  and  Eq.  (14)  coincides  with  the  one-dimensional  probability  of  the  single¬ 
quantum  transition  0->l,  predicted  by  the  SSH  theory  [24].  The  difference  between  the  present 
Forced  Harmonic  Oscillator  -  Free  Rotator  (FHO-FR)  model  and  the  one-dimensional  SSH 
theory  result  is  that  Eqs.  (10,12,14)  incorporate  three-dimensional  trajectories  of  rotating 
molecules  as  well  as  the  coupling  of  vibrational  states  during  a  collision. 

3.  Comparison  with  trajectory  calculations 

To  verify  the  accuracy  of  the  present  model,  it  has  to  be  compared  with  three- 
dimensional  semiclassical  trajectory  calculations  for  the  atom-diatom  collisions,  for  the  potential 
energy  surface  given  by  Eq.  (3).  For  this  purpose,  we  have  used  the  computer  code  ADIAV 
developed  by  Billing  [42].  The  code  calculates  classical  translational-rotational  collision 
trajectories  and  evaluates  vibrational  transition  probabilities  by  solving  a  set  of  coupled 
equations  for  the  time-dependent  expansion  coefficients  of  the  vibrational  wavefunction  over  a 
basis  of  stationary  states  of  a  molecule.  In  this  section,  calculations  were  made  for  collisions  of 
an  N2  molecule  and  an  atom  of  the  same  mass  of  mc=28  amu,  so  that  £=m/2m0=l.  The  coupling 
matrix  elements  (i|?|i±l)  used  by  ADIAV  were  calculated  for  the  frequency  corrected 

harmonic  oscillator  (i.e.  with  harmonic  wavefunctions  but  anharmonic  energy  spectrum),  with  up 
to  30  states  used  for  the  vibrational  wavefunction  expansion.  The  frequency  corrected  harmonic 
oscillator  approximation  also  implies  that  parameter  ©  in  the  FHO-FR  model  is  evaluated  as  the 
average  vibrational  quantum  of  a  transition,  i.e.  co  =  |Ej  —  Ef|/ft.  The  N2  vibrational  quantum, 

the  anharmonicity,  and  the  equilibrium  atom  separation  were  taken  to  be  (Oe=2359.6  cm'1, 
©eXe=14.456  cm'1,  and  re=1.094  A.  The  intermolecular  repulsive  potential  parameters  used  were 
A=1730  eV,  and  <x=4.0  A'1  [19]. 

The  calculation  results  are  summarized  in  Figs.  3-9.  We  emphasize  that  in  the  present 
work  we  will  always  compare  the  absolute  values  of  the  analytic  FHO-FR  probability  and 
numerical  ADIAV  probability,  respectively,  evaluated  for  two  identical  potential  energy 
surfaces.  We  will  also  use  the  one-dimensional,  collinear-collision  SSH  probability 

P.S0SH  (E)  =—  sinh'2 - only  as  a  convenient  scale  factor.  This  procedure  is  more 

40  au 
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challenging  than  comparison  of  the  two  relative  probabilities  (i.e.  analytic  vs.  numerical),  both 
normalized  on  their  respective  values  at  some  reference  point,  which  is  commonly  used  for 
validation  of  analytic  rate  models.  For  brevity,  let  us  omit  the  subscript  ”0"  remembering, 
however,  that  from  now  on  the  angles  0  and  q>  are  always  evaluated  at  the  maximum  interaction 
point.  Figure  3  shows  the  ratio  of  the  three-dimensional  FHO-FR  transition  probability 
Pio(E,e,y,fl,cp)  given  by  Eqs.  (10,12,14)  to  the  SSH  probability  P,S0SH  (E) ,  as  a  function  of  the 

rotation  angle  -0.  All  other  collision  parameters  were  held  constant  at  E=103  cm'1,  e=Erot/E=0.2, 
y=b2/R02=0,  cp=0.  Also  shown  in  Fig.  3  is  the  ratio  of  the  ADIAV  transition  probability, 
evaluated  for  the  same  collision  parameters,  to  the  same  factor  P,S0SH  (E) .  One  can  see  that  the 
FHO-FR  probability  peaks  at  somewhat  different  value  of  the  rotation  angle  (0=0.7671  instead  of 
0.67tt;  for  the  ADIAV  probability).  However,  the  maximum  probability,  which  exceeds  P,S0SH  by 
more  than  two  orders  of  magnitude,  is  predicted  quite  accurately.  Figure  4  shows  the  ratio  of 
Pio(E,e,y,(p)/P,s0SH ,  averaged  over  the  rotation  angle  -0  in  the  range  [0,7t],  as  a  function  of  the 

angular  momentum  angle  cp.  In  Fig.  4,  again,  E=103  cm'1,  e=0.2,  y=0.  This  time  both  the 
predicted  optimum  value  of  <p=0  and  the  maximum  value  of  probability,  which  is  about  a  factor 
of  20  greater  than  P,S0SH ,  are  in  good  agreement  (within  30%)  with  the  ADIAV  probability, 
evaluated  for  the  same  collision  parameters.  The  effect  of  rotational  energy  of  a  molecule  is 
demonstrated  in  Fig.  5.  One  can  see  that  the  ratio  Pio(P,s,y,q>)/PI?H ,  averaged  over  at  E=103 

cm'1,  y=0,  <p=0  and  shown  as  a  function  of  £=Er0t/E,  peaks  at  e=0.2,  which  is  also  consistent  with 
predictions  of  ADIAV.  Note  that  (i)  the  most  efficient  value  of  rotational  energy  is  within  the 
limits  of  applicability  of  the  FHO-FR  model,  e51/2,  given  by  Eq.  (11),  and  (ii)  the  ADIAV 
transition  probability  sharply  drops  at  e->l,  as  has  been  discussed  in  Section  2.  The  last  result 
justifies  neglecting  rapidly  rotating  molecule  collisions  (see  Section  2).  Note  that  the  observed 
decrease  of  the  analytic  FHO-FR  probability  at  e~l  is  merely  an  artifact  since  the  assumption  of 
the  slow  rotation  is  no  longer  valid  at  these  conditions.  However,  this  behavior  simplifies  the 
formal  analytic  integration  over  the  rotational  energies,  when  necessary.  Finally,  in  Fig.  6,  the 
ratio  Pio(E,e,y,cp)/P1s0SH ,  averaged  over  d  at  E=103  cm'1,  e=0.2,  cp=0  is  plotted  versus  the  impact 

parameter  b.  In  this  case,  again,  the  optimum  value  of  the  impact  parameter,  b=0,  and  the 
maximum  value  of  the  probability  agree  well  with  numerical  calculations  using  ADIAV.  The 
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fact  that  the  ratio  Pi0(E,e,y,<p)/P1!jfH  greatly  exceeds  unity  near  its  maximum  at  the  “optimum 


configuration”  point  e=0.2,  b=0,  $=37t/4,  cp=0  demonstrates  that  collisions  with  these  values  of 
parameters  are  much  more  efficient  for  vibrational  energy  transfer  than  head-on  collinear 
collisions  of  a  non-rotating  molecule.  This  occurs  because  for  the  optimum  configuration  the 


force  perturbing  the  vibrational  motion  of  the  oscillator, 


au(R,f,t) 

9r 


\ 

,  drops  the  most  steeply 

>=0 


near  the  maximum  interaction  point  at  t=0,  due  to  its  modulation  by  rotation.  This  makes  the 
perturbation  more  “abrupt”  and  increases  the  high-frequency  components  of  its  Fourier  integral, 


given  by  Eq.  (13).  The  optimum  configuration  is  realized  when 


9U(R,T,t) 

a? 


r=0  J  t=0 


maximum.  Obviously,  to  accurately  predict  the  transition  probability,  it  is  enough  to  predict  its 
behavior  in  the  vicinity  of  the  optimum  configuration  point. 

Calculations  made  at  the  higher  collision  energy  of  E=104  cm'1  also  showed  very  good 
agreement  between  the  FHO-FR  and  the  ADIAV  probabilities  Pio  and  provided  results  similar  to 
shown  in  Figs.  3-6,  the  only  difference  being  that  the  maximum  at  the  optimum  configuration 
point  becomes  less  pronounced.  Finally,  comparison  of  the  two-quantum  transition  probabilities 
P2o  demonstrated  the  same  kind  of  agreement  (i.e.  within  a  few  tens  of  percent). 

To  compare  the  FHO-FR  and  ADIAV  transition  probabilities  as  functions  of  only  the 
total  collision  energy  E,  we  numerically  averaged  the  probabilities  Pjf(E,e,y,#,(fj,  given  by  Eqs. 
(10,12,14),  over  the  values  of  rotational  energy,  impact  parameter,  and  orientation  angles,  using 
105  points  randomly  chosen  in  phase  space: 


1  1  71  TC 

Pif  (E)  =  J  dej  dy  J  dtij  dtp  •  Pif  (E,  e,  y,  ft,  cp)  (15) 

0  0  0  0 

The  respective  ADIAV  transition  probabilities  in  a  collision  energy  range  E=103-106  cm'1  were 
obtained  by  Monte  Carlo  averaging  over  1000  randomly  chosen  trajectories  with  the  same  value 
of  E,  which  provided  10-20%  accuracy.  The  initial  separation  between  a  molecule  and  an  atom 
was  15  A,  and  the  maximum  impact  parameter  was  2.5  A. 
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First,  we  compared  the  Monte  Carlo  averaged  ADIAV  probabilities  with  two  analytic 
models,  both  based  on  one-dimensional  collinear-collision  trajectories,  i.e.  the  SSH  theory  [24] 
and  the  FHO  model  [28,29],  Figure  7  shows  that  the  predictions  of  both  these  models 
significantly  disagree  with  the  trajectory  calculations  by  ADIAV.  At  the  low  collision  energies, 
the  agreement  might  be  somewhat  improved  by  introducing  a  constant  corrective  steric  factor, 
which  is  a  rather  commonly  used  procedure.  However,  one  can  see  from  Fig.  7  that  at  high 
collision  energies,  both  these  models  completely  break  down.  It  is  not  surprising  that  the  SSH 
theory  fails  because  it  is  based  on  first-order  perturbation  theory  and  cannot  be  used  for 
calculations  of  large  transition  probabilities.  The  only  reason  for  the  breakdown  of  the 
nonperturbative  FHO  model,  however,  is  that  it  does  not  consider  realistic  three-dimensional 
collision  trajectories.  Indeed,  the  FHO  model  predicts  a  sharp  decrease  of  the  probabilities  at 
high  energies.  However,  even  if  the  collision  energy  is  large,  there  are  always  some 
configurations  of  the  collision  parameters,  e,  y,  d,  and  cp,  for  which  the  parameter  y  in  Eqs. 
(10,14)  is  small  (e.g.  for  e~0  and  y~l,  y~0).  For  these  configurations,  the  effective  collision 
velocity  in  Eq.  (14),  uy,  is  much  smaller  and  therefore  the  transition  probability  is  much  greater. 
For  this  reason  the  incorporation  of  three-dimensional  trajectories  into  the  FHO  model,  carried 
out  in  Section  2,  is  expected  to  diminish  or  even  completely  remove  the  probability  drop  at  high 
collision  energies,  thereby  improving  the  agreement  with  the  trajectory  calculations. 

This  qualitative  conclusion  is  confirmed  by  Fig.  8  which  compares  the  three-dimensional 
FHO-FR  transition  probabilities  Pi0,  using  the  same  FHO  scaling  law  of  Eq.  (12),  with  the 
trajectory  calculations  by  ADIAV.  One  can  see  the  remarkable  agreement  in  the  entire  collision 
energy  range  considered,  both  for  single-quantum  and  multi-quantum  processes,  up  to  s=5. 
Further  calculations  showed  that  the  FHO-FR  model  accurately  predicts  the  probabilities  of  the 
processes  where  as  many  as  10  quanta  are  transmitted.  Beyond  this  point  running  ADIAV  for  a 
large  number  of  trajectories  (N~103)  becomes  fairly  time  consuming  because  of  the  increasing 
number  of  coupled  equations  involved  (50  to  60  for  s=10).  Figure  9  also  demonstrates  that  the 
agreement  is  also  very  good  even  for  high  vibrational  quantum  numbers,  i~40.  In  particular,  this 
proves  that  the  FHO  scaling  law  of  Eq.  (12),  developed  for  harmonic  oscillator,  is  also  quite 
accurate  for  the  frequency  corrected  oscillator  used  in  the  present  calculations  by  ADIAV. 

Note  that  the  approximation  (R2  +  r2  /4  +  Rrcosi3)1/2  «  R  +  r  cos  ft/  2 ,  used  to  derive  Eq. 
(3)  becomes  rather  crude  for  collision  energies  E~105  cm1.  On  the  other  hand,  trajectory 
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calculations  by  ADIAV  without  using  this  approximation  still  show  very  little  difference  from 
the  approximate  analytic  model  even  at  E-106  cm'1.  In  addition,  collisions  with  energies  E>105 
cm'1  affect  the  thermally  averaged  relaxation  rates  only  at  extremely  high  temperatures,  T>105 
K. 

The  results  of  the  model  validation  calculations  discussed  above  demonstrate  that  the 
analytic  FHO-FR  formulae  given  by  Eqs.  (10,12,14)  accurately  predict  the  transition  probability 
dependence  on  all  collision  parameters  such  as  total  energy,  molecular  orientation  during  the 
collision,  rotational  energy,  and  impact  parameter.  The  model  is  applicable  in  a  very  wide  range 
of  collision  energies  and  vibrational  quantum  numbers,  as  well  as  for  processes  of  transfer  of 
many  vibrational  quanta.  The  last  result  also  allows  using  the  FHO-FR  model  for  the  accurate 
prediction  of  the  rates  of  molecular  dissociation  from  low  vibrational  levels  by  a  single  collision. 
Thus,  taking  into  account  (i)  modulation  of  the  interaction  potential  by  the  molecular  rotation 
which  is  assumed  to  be  free,  (ii)  non-zero  impact  parameters  collisions  using  the  modified 
wavenumber  approximation,  and  (iii)  many-state  coupling  using  the  FHO  model,  permits 
capturing  the  principal  mechanism  of  molecule-to-atom  vibrational  energy  transfer  and  gives  an 
accurate  three-dimensional  analytic  rate  model. 

4.  Averaging  the  probabilities  and  discussion 

To  make  the  FHO-FR  model  useful  for  practical  calculations,  we  have  to  find  the 
transition  probabilities  as  functions  of  only  total  collision  energy  E,  that  is  to  analytically 
evaluate  the  integral  of  Eq.  (15).  This  integral  can  be  calculated  by  the  steepest  descent  method. 
First,  let  us  rewrite  Eq.  (14)  as  follows: 


Qs  (E,e,y,tf,(p)  =-^exp 


2s  In  (cos  $  cos  cp)- 


271COS 


auy(e,  y,  0,  <p)  J 


=  “7“  exp[G(£,y,'d,<p)] 

U 


(16) 


The  approximation  sinh(x)=ex/2  made  in  Eq.  (16)  is  very  accurate  except  for  very  high  collision 
energies  such  that  x=rcco/auY>l.  Second,  from  Eqs.  (10,12,16)  we  have  to  determine  the 
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optimum  configuration  of  parameters  e,  y,  d,  cp,  for  which  the  probability  Pjf  of  Eq.  (12)  reaches 
maximum  at  a  given  total  energy  E.  One  can  see  that  if  Q^s*1*,  such  as 


i  h  (s  + 1)  (s  +  2 )  3s  +  2 

2nc  ,  V  s  +  2 


-1 


(17) 


this  occurs  when  both  Q  in  Eq.  (12)  and  G~s  lnQ  in  Eq.  (16)  are  maximum.  If  Q  can  exceed  s*. 
Pif  always  reaches  maximum  at  some  Q*  such  as  Q*=sth.  The  superscript  will  denote  the 
optimum  configuration  parameters  through  the  remainder  of  this  chapter. 

If  Q^s*.  the  unique  optimum  configuration  is 


cos2  $  = 
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4  au 
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4  +  ^ sin2  2d* 


(18) 

y*  =  -^/l  +  ^sin2  2d*  / 4 


To  avoid  cumbersome  calc"1uiions,  from  now  on  we  will  concentrate  on  a  separate  analysis  of 
the  two  specific  cases  of  Eq.  (18),  first  corresponding  to  the  collisions  of  a  molecule  with  a 
heavy  atom  (^=m/2m0~l),  such  as  N2-Ar, 


d*=^;  op*  =0;  y*=0;  £*=- ;  y*  =  Jl+%/4 
4  4  +  q 


.c  7tCO  e  1 

if  a  = — q»l  , 

au 


(18a) 


and  second  that  applies  to  the  collisions  of  a  molecule  with  a  light  atom  (^=m/2m0«l),  such  as 
N2-He, 
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(18b) 


i3*  =0;  (p*=0;  y*  =  0;  e*=0;  y*  =  1 


if 


At  the  same  collision  energy,  the  values  of  parameter  a=7cto^/au  for  these  two  cases  differ  by 
about  a  factor  of  10,  being  a=33.6  and  a=3.3  at  E=i03  cm1,  respectively.  One  can  see  both  the 
similarities  and  the  qualitative  difference  between  these  two  cases.  In  both  cases,  zero  impact 
parameter  collisions  (y*=0)  are  most  efficient  for  the  vibrational  energy  transfer.  However,  in  the 
first  case  the  probability  reaches  maximum  for  a  non-collinear  collision  (•0*=37t/4)  of  a  rotating 
diatomic  molecule  (e’=Erot/E=0.2  for  £=1)  with  an  atom,  when  the  angular  momentum  vector  is 
perpendicular  to  the  radius  vector  R  near  the  point  of  maximum  interaction  (cp’=0,  see  Fig.  1). 
On  the  other  hand,  in  the  second  case  the  most  efficient  configuration  is  a  head-on  collision  of  a 
non-rotating  molecule.  The  maximum  probability  for  these  two  optimum  configurations,  Ptf’,  is 
given  by  Eq.  (12),  where  now 
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respectively. 

Expanding  the  probability  of  Eq.  (12)  in  a  series  near  the  optimum  configuration  point  e\ 
y’,  d*.  cp*.  for  the  two  cases  described  by  Eqs.  (18a, 18b),  and  formally  extending  the  integration 
limits  to  infinity,  one  obtains  for  Q«sth 
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InEqs.  (20a,20b),  e  =  £-e’,y  =  y-y\d  =  d-d\(p  =  cp-(p\ 

For  Q=sth,  the  maximum  value  of  the  probability  at  the  optimum  configuration  point 
given  by  Eqs.  (18a,  18b)  is  the  same  both  for  relaxation  by  a  heavy  and  by  a  light  atom, 


Pif*  ~^exp(-s) 


(21) 


and  expression  for  the  transition  probability  modifies: 
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One  can  see  that  the  expressions  for  the  transition  probabilities  Ptf(E)  in  Eqs.  (20,22)  each 
contain  a  product  of  four  factors  due  to  integration  over  the  collision  parameters,  y,  e,  i3,  and  cp. 
For  modeling  of  flows  with  rotational  disequilibrium  one  can  also  obtain  the  probabilities  as 
functions  of  both  total  collision  energy  and  rotational  energy,  Pif(E.e),  by  skipping  the  integration 
over  e.  The  accuracy  of  the  approximate  integration  in  Eqs.  (20,22)  is  50%-100%  compared  with 
numciical  integration  in  Eq.  (15).  Spreading  of  the  probability  maximum  near  the  optimum 
configuration  point  is  the  main  reason  causing  the  accuracy  to  become  somewhat  worse  as  the 
collision  energy  increases. 

If  Q>sth,  the  optimum  configuration  of  collision  parameters  is  no  longer  unique  and 
cannot  be  found  in  closed  analytic  form.  However,  the  asymptotic  behavior  of  the  probability  at 
Q»sth  can  be  roughly  estimated  using  the  following  simple  argument.  At  high  collision 
energies,  the  multiple  optimum  configurations  are  realized  at  Q*=sth«Q,  and  therefore  at  y* «1. 
Assuming  the  values  of  ye  [0, ^1  +  ^/4]  to  be  approximately  equiprobable,  one  can  write 


Pff  (E,Q  »slh)  =  P,’r  Je 


// 

s(lnQ-Q/sthJ  Yy2 


dy 


.  1  fotuy 
,f  VHrao 


=  const 


(23) 


In  Eq.  (23),  y=y-y,  (auy/7t(o)*  denote  the  multiple  points  where  Q=Q*=sth,  and  Pjf*  is  given 
by  Eq.  (21). 

Finally,  the  following  two  interpolation  formulae  bridge  the  gap  between  the  three 
specific  cases  covered  by  Eqs.  (20,22,23)  and  provide  fairly  accurate  expressions  for  the 
transition  probabilities  in  the  entire  range  of  collision  energies  considered,  E=102-106  cm1. 
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In  Eqs.  (24a, 24b),  factors  s'11  and  Q*  are  given  by  Eqs.  (17, 19a, 19b).  Figs.  (10,11)  compare  the 
probabilities  of  Eqs.  (24a, 24b)  with  the  trajectory  calculations  by  ADIAV  for  collisions  of  N2 
molecule  with  a  heavy  atom  (Ar)  and  a  light  atom  (He),  respectively.  The  potential  used  is  the 
same  as  in  Section  2.  One  can  see  that  the  accuracy  of  the  analytic  probabilities  is  typically 
within  a  factor  of  2.  Eqs.  (24a, 24b)  can  be  used  in  the  direct  Monte  Carlo  modeling  of  strongly 
nonequilibrium  flows  of  rarefied  gases,  for  example,  behind  strong  bow  shocks  [43]. 

Thermally  averaged  relaxation  rate  coefficients  MT)  can  be  determined  by  averaging  of 
the  transition  cross-sections  over  the  Boltzmann  distribution  [42]: 
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In  Eq.  (25),  (u)=  - —  ,  E  =  E  +  (Ef  - E,)/2  +  (Ef  -EJ2  /  16E  is  the  symmetrized 

collision  energy  [42],  aif(E)  is  the  cross-section,  and  Pif(E)  is  the  transition  probability  given  by 
Eq.  (15).  The  factor  tuR02-(E/T)2  in  the  expression  for  the  cross-section  appears  due  to 
integration  over  the  values  of  orbital  kinetic  energy  (or  orbital  angular  momentum)  and  rotational 
energy  (or  rotational  angular  momentum)  [42],  The  maximum  interaction  distance  Ro  is  found  as 
U(R0)=kT,  R0=2.5  A  at  T~104  K.  Then  the  effective  cross  section  for  elastic  collisions  is 

/(c  \\  -  kei ill  _  27tRq  =  40A ,  and  the  gas  kinetic  collision  frequency  is  Z=  2kRq (u)  . 

\\  «// 

Evaluation  of  the  integral  in  Eq.  (25)  at  Q^s*  yields 
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for  the  collisions  with  a  heavy  and  a  light  atom,  respectively.  The  last  exponential  factor  in  Eqs. 
(26a,26b)  originates  from  the  symmetrization  of  collision  energy  in  Eq.  (25).  Following  the 
procedure  suggested  in  [42],  we  evaluate  the  rates  of  exothermic  processes.  The  endothermic 
rates  can  be  found  simply  as  kend0  =  k^  •  exp(-0s/T) .  Eqs.  (26a, 26b)  are  valid  only  if  T<Tth, 

where  Tth  is  the  threshold  temperature  that  corresponds  to  the  “switching”  from  the  unique  to  the 
multiple  optimum  configuration  regime, 
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Factor  Cvt  in  Eqs.  (26a, 26b)  determines  the  collision  energy  at  which  the  integrand  in  Eq.  (25) 

I 

reaches  maximum,  and  can  be  found  by  solving  transcendental  equations, 
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respectively.  The  deviation  of  Cvt  from  unity  characterizes  the  influence  of  multi-state  coupling 
effects.  At  small  values  of  Cvt.  we  are  far  from  the  first-order  perturbation  limit.  Eqs.  (28a,28b) 
both  have  a  single  root  and  in  practical  calculations  can  be  easily  solved  by  the  Newton  method. 
From  Eq.  (28b),  one  can  see  that  the  most  efficient  dimensionless  collision  energy  decreases  with 
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obtained  from  Eq.  (28a)).  In  other  words,  at  the  high  temperatures  such  as  T^01,  vibrational 
energy  transfer  mainly  occurs  in  collisions  at  nearly  thermal  energies. 

At  Q>sth  (i.e.  at  Ts-T*),  the  result  of  integration  is 
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From  Eqs.  (29a, 29b),  one  can  see  that  the  asymptotic  behavior  of  the  rate  coefficients  at  T»Tth 
is  kif(T)~const  Z.  This  again  shows  that  the  use  of  steric  factors  with  the  available  one¬ 
dimensional  rate  models  at  high  temperatures  is  completely  erroneous  (see  also  Fig.  7). 

At  low  temperatures,  such  as  T«Tth,  one  has  Cvr=l,  and  the  expressions  for  the 
relaxation  rates  simplify: 
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One  can  see  that  at  s=l  (for  single-quantum  processes)  the  latter  equation  exactly 
coincides  with  the  one-dimensional  SSH  formula  with  a  steric  factor  of  1/tc.  This  is  not 
surprising  since  we  have  already  seen  that  for  relaxation  by  a  light  atom,  the  head-on  collisions 
of  a  non-rotating  molecule  are  the  most  efficient.  In  this  case  the  only  difference  from  the  one¬ 
dimensional  theory  originates  from  the  non-collinear  orientation  of  a  molecule.  As  is  well 
known,  this  results  in  appearance  of  a  1/3  steric  factor  in  the  SSH  formula  [24].  However,  for  the 
relaxation  by  a  heavy  atom,  the  incorporation  of  rotation  and  non-zero  impact  parameter 
collisions  change  both  the  pre-exponential  factor  and  the  exponential  dependence  of  the  rate  (see 
Eq.  (30a)).  In  this  case,  the  one-dimensional  SSH  formula  cannot  match  either  the  FHO-FR 
model  or  the  results  of  trajectory  calculations  by  using  a  single  temperature-independent  steric 
factor.  It  is  still  possible  to  enforce  the  agreement  between  the  SSH  theory  and  the  three- 
dimensional  models,  within  a  relatively  narrow  temperature  range,  by  introducing  a  steric  factor 
and  varying  the  repulsive  potential  parameter  a  at  the  same  time.  This  procedure,  however, 
should  be  regarded  as  nothing  more  than  a  curve  fitting  to  available  three-dimensional  data. 

The  values  of  the  threshold  temperature  for  (VAr  collisions,  given  by  Eqs.  (27),  change 
from  ^=9200  K  for  the  transition  l->0  to  Tth=1400  K  for  the  transition  30->29.  This  shows  that 
both  Eq.  (26)  and  Eq.  (29)  must  be  used  for  the  high-temperature  vibrational  relaxation  rate 
calculations.  Figs.  12, 13  compare  the  rates  of  Eqs.  (26,29),  calculated  for  (VAr  at  s=l  and  s=5, 
with  the  trajectory  calculations  by  ADIAV  in  the  temperature  range  of  200<T<50000  K  and 
vibrational  quantum  number  range  0<i<30,  showing  satisfactory  agreement.  In  these 
calculations,  C0e=1580.3  cm'1,  cOeXe=12.072  cm'1,  re=1.207  A,  and  the  potential  parameters  are  the 
same  as  before,  A=1730  eV,  and  ot=4.0  A'1. 

Up  to  this  point,  both  analytic  and  numerical  calculations  have  been  made  for  the 
frequency  corrected  harmonic  oscillator  (HO),  i.e.  assuming  coupling  only  between  the  adjacent 
quantum  states,  i  and  i±l,  and  the  simple  purely  repulsive  potential  of  Eq.  (3).  To  evaluate  the 
effect  of  anharmonic  non-adjacent  state  coupling  on  the  relaxation  rates,  an  additional  series  of 
calculations  by  ADIAV  was  made,  using  the  Morse  oscillator  (MO)  coupling  matrix  elements, 
(i|rs|i±s)  (s  <  3) .  It  was  found  that  the  anharmonic  coupling  affects  the  rate  kio(T)  fairly 

weakly,  the  ratio  kio,Mo/kio.HO  being  less  than  a  factor  of  2  even  at  T~104  K.  Finally,  we 
compared  the  FHO-FR  model  predictions  for  N2-He  relaxation  rates  with  the  numerical 
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calculations  by  ADIAV  using  ab  initio  coupled  electron  pair  approximation  (CEP A)  potential 
energy  surface  [44],  rather  than  the  simplified  atom-to-atom  potential  of  Eq.  (3).  In  the  present 
work,  we  simply  extended  the  N2-He  ADIAV-CEPA  calculations  [45]  toward  the  high  collision 
energies.  Analytic  FHO-FR  relaxation  rates  have  been  evaluated  using  the  value  of  a=4.0  A1, 
obtained  by  the  least  squares  fit  of  Eq.  (3)  to  the  CEPA  potential.  The  results,  shown  in  Fig.  14, 
again  demonstrate  very  good  agreement  between  the  trajectory  calculations  and  the  analytic 
model.  Note  that  the  long-range  attractive  part  of  the  CEPA  potential  (with  the  maximum  well 
depth  of  17  K)  significantly  affects  the  rates  only  below  room  temperature  (see  Fig.  14).  At  300 
K,  the  difference  between  the  ADIAV-CEPA  and  the  FHO-FR  rates  does  not  exceed  a  factor  of 
2,  and  even  at  T=100  the  difference  is  about  a  factor  of  3.  Also  shown  in  Fig.  14  are  the  low- 
temperature  experimental  measurements  of  ki0  [46]. 

Both  results  demonstrate  that  the  approximation  of  a  purely  repulsive  interaction  of  a 
frequency  corrected  harmonic  oscillator  and  an  atom  is  reasonably  accurate  within  a  wide 
temperature  range.  Therefore  the  state-specific  rate  coefficients  of  Eqs.  (26,29)  can  be  used  in 
kinetic  modeling  calculations  both  at  near  room  temperature  (such  as  in  gas  discharges)  and  at 
very  high  temperatures  (e.g.  behind  shock  waves).  Note  that  the  repulsive  potential  parameter  a 
in  each  case  should  be  chosen  from  the  best  fit  of  the  analytic  potential  to  available  experimental 
and  ab  initio  data  rather  than  arbitrarily  adjusted. 

5.  Summary 

Analysis  of  classical  trajectories  of  a  frcv-rotating  symmetric  diatomic  molecule  acted 
upon  by  a  repulsive  potential  allow  developing  a  three-dimensional  semiclassical 
nonperturbative  analytic  model  of  vibrational  energy  transfer  in  atom-molecule  collisions  (FHO- 
FR  model).  The  model  takes  into  account  the  following  coupled  effects:  (i)  interaction  potential 
modulation  by  free  rotation  of  an  arbitrarily  oriented  molecule  during  a  collision,  (ii)  reduction 
of  the  effective  collision  velocity  in  non-zero  impact  parameter  collisions  of  a  rotating  molecule, 
and  (iii)  multi-state  coupling  in  a  collision. 

The  FHO-FR  model  predictions  have  been  compared  with  close-coupled  semiclassical 
trajectory  calculations  using  the  same  potential  energy  surface.  The  comparison  demonstrates  not 
only  very  good  agreement  between  the  analytic  and  numerical  probabilities  across  a  wide  range 
of  collision  energies,  but  also  shows  that  the  analytic  model  correctly  reproduces  the  probability 
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dependence  on  other  collision  parameters  such  as  rotation  angle,  angular  momentum  angle, 
rotational  energy,  impact  parameter,  and  collision  reduced  mass.  The  model  equally  well  predicts 
the  cross-sections  of  single-quantum  and  multi-quantum  transitions  and  is  applicable  up  to  very 
high  collision  energies  and  quantum  numbers.  The  resultant  analytic  expressions  for  the 
probabilities  do  not  contain  any  arbitrary  adjustable  parameters  commonly  referred  to  as  "steric 
factors".  Additional  calculations  showed  that  the  effect  of  anharmonic  st^'e  coupling  is  weak, 
while  the  influence  of  attractive  forces  become  substantial  only  at  temperatures  T<300  K. 
Therefore  the  predictions  of  the  model  are  also  applicable  at  near  room  temperature.  The  results 
obtained  in  the  present  work  can  be  used  for  calculations  of  the  state-specific  relaxation  rates  of 
symmetric  or  nearly  symmetric  molecules  such  as  N2,  O2,  and  CO,  on  inert  gas  atoms  such  as  Ar 
and  He.  It  remains  an  open  question,  however,  whether  the  approach  used  here  is  applicable  for 
calculations  of  vibrational  energy  transfer  rates  in  molecule-molecule  collisions,  in  particular  for 
processes  induced  by  long-range  multipole-multipole  attraction. 

The  FHO-FR  model  provides  new  insight  into  kinetics  of  vibrational  energy  transfer. 
Analytic  expressions  for  state-specific  transitions  probabilities  and  rate  coefficients,  obtained  in 
this  work,  are  available  from  the  authors  upon  request  as  concise  FORTRAN  subroutines,  which 
allow  their  incorporation  in  existing  kinetic  models  and  their  use  in  modeling  calculations. 
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Figure  1.  Schematic  of  a  head-on  collision  between  a  rotating  diatomic  molecule  and  an  atom. 


Figure  2.  Schematic  of  a  non-zero  impact  parameter  atom-molecule  collision. 


Figure  3.  Comparison  of  the  analytic  FHO-FR  probability  and  the  numerical  ADIAV  probability 
of  the  vibrational  transition  l-»0  as  a  function  of  the  rotation  angle  -5.  In  Figures  3-9, 
calculations  are  made  for  N2  colliding  with  an  atom  with  a  mass  mc=28  at  the  total  collision 
energy  of  E=1000  cm'1.  The  exponential  repulsive  potential  parameter  a=4.0  A'1. 


Angular  momentum  angle,  <p/n 


Figure  4.  Comparison  of  the  analytic  FHO-FR  probability  and  the  numerical  ADIAV  probability  (both 
averaged  over  ft)  of  the  vibrational  transition  l->0  as  a  function  of  the  angular  momentum  angle  (p. 
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Figure  5.  Comparison  of  the  analytic  FHO-FR  probability  and  the  numerical  ADIAV  probability  (both 
averaged  over  $)  of  the  vibrational  transition  l->0  as  a  function  of  the  rotational  energy  of  a  molecule. 


Figure  6.  Comparison  of  the  analytic  FHO-FR  probability  and  the  numerical  ADIAV  probability 
(both  averaged  over  $)  of  the  vibrational  transition  l-->0  as  a  function  of  the  impact  parameter. 
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Probability  PU(E) 


Figure  7.  Comparison  of  the  one-dimensional  analytic  models  (SSH  theory  and  FHO  model) 
with  the  trajectory  calculations  by  ADIAV. 


Probability  PU(E) 


Total  Collision  Energy  E,  cm 


Figure  8.  Comparison  of  the  three-dimensional  FHO-FR  transition  probabilities  with  the  trajectory 
calculations  by  ADIAV  for  the  low  vibrational  quantum  numbers.  The  FHO-FR  probability  of  Eqs. 
(10,12,14)  is  numerically  averaged  over  the  collision  parameters  $ ,  <p,  e,  and  y  (see  Eq.  (15)). 
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Probability  Pir(E) 


Figure  9.  Comparison  of  the  three-dimensional  FHO-FR  transition  probabilities  with  the  trajectory 
calculations  by  ADIAV  for  the  high  vibrational  quantum  numbers.  FHO-FR  probability  of  Eqs. 
(10,12,14)  is  numerically  averaged  over  the  collision  parameters  ,  cp,  e,  and  y  (see  Eq.  (15)). 


Probability  P^E) 


Figure  10.  Comparison  of  the  fully  analytic  FHO-FR  probability  of  Eq.  (24a)  with  the  trajectory 
calculations  by  ADIAV  for  Nz-Ar. 
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Probability  P|f(E) 


Figure  11.  Comparison  of  the  fully  analytic  FHO-FR  probability  of  Eq.  (24b)  with  the  trajectory 
calculations  by  ADIAV  for  N2-He. 


Rate  constant  k^T),  cm3/s 


Figure  12.  Comparison  of  the  thermally  averaged  FHO-FR  rate  coefficients  of  Eqs.  (26a, 30a)  with 
the  trajectory  calculations  by  ADIAV  for  02-Ar  (single-quantum  transitions,  s=l). 
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Rate  constant  kif(T),  cm3/s 


Figure  13.  Comparison  of  the  thermally  averaged  FHO-FR  rate  coefficients  of  Eqs.  (26a,30a)  with  the 
trajectory  calculations  by  ADIAV  for  CVAr  (multi-quantum  transitions,  s=5). 


Figure  14.  Comparison  of  the  FHO-FR  rate  coefficients  with  the  trajectory  calculations  by  ADIAV  using 
the  ab  initio  CEPA  potential  energy  surface  for  N2-He  [44],  and  with  the  experiment  [46].  FHO-FR 
probability  of  Eqs.  (10,12,14)  is  numerically  averaged  over  the  collision  parameters  $ .  (p,  e,  y,  and  E. 
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CHAPTER  II. 

THREE-DIMENSIONAL  NONPERTURBATIVE  ANALYTIC  MODEL 
OF  VIBRATIONAL  ENERGY  TRANSFER 
IN  MOLECULE-MOLECULE  COLLISIONS 


’.  Introduction 

Vibrational  energy  transfer  processes  in  collisions  of  diatomic  molecules  play  an 
extremely  important  role  in  gas  discharges,  molecular  lasers,  plasma  chemical  reactors,  high 
enthalpy  gas  dynamic  flows,  and  in  the  physics  of  the  upper  atmosphere.  In  these  nonequilibrium 
environments,  the  energy  loading  per  molecule  may  be  as  high  as  0. 1-5.0  eV,  while 
disequipartition  among  translational,  vibrational,  and  electronic  energy  modes  of  heavy  species, 
and  with  the  free  electron  energy,  may  be  very  strong.  This  often  results  in  development  and 
maintaining  of  strongly  nonequilibrium  molecular  vibrational  energy  distributions,  which  induce 
a  variety  of  energy  transfer  processes  among  different  energy  modes  and  species,  chemical 
reactions,  and  ionization  [1-3].  The  rates  of  these  processes  are  determined  by  the  populations  of 
high  vibrational  levels  of  molecules,  which  are  often  controlled  by  vibration-vibration-translation 
(V-V-T)  processes 


AB(ij)  +  CD(i2)  — >  AB(fj)  +  CD(f2) 


(1) 


In  Eq.  (1),  AB  and  CD  represent  diatomic  molecules  and  an  atom,  respectively,  and  ii,  i2,  fi,  and 
f2  are  vibrational  quantum  numbers.  Traditionally,  these  processes  are  separated  into  two 
separate  modes,  (i)  vibration-translation  (V-T)  processes  (i2=f2  in  Eq.  (1)),  and  (ii)  vibration- 
vibration  (V-V)  processes  (ii-fi=f2-i2  in  Eq.(l)).  At  the  low  temperatures,  the  V-T  processes  are 
typically  much  slower  than  V-V  energy  transfer. 

Quantitative  data  on  the  mechanisms  and  kinetic  rates  of  these  processes  are  needed  for 
numerous  practical  applications,  including  novel  chemical  technologies,  environmental  pollution 
control,  and  radiation  prediction  in  aerospace  propulsion  flows,  in  high  altitude  rocket  plumes 
and  behind  shock  waves.  In  addition,  recent  results  demonstrate  that  strong  vibrational 
disequilibrium  can  be  sustained  in  CO-seeded  atmospheric  pressure  air,  optically  pumped  by  a 
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low-power  c.w.  CO  laser  [4].  This  opens  a  possibility  of  creating  stable  large-volume  high- 
pressure  air  plasmas.  Insight  into  kinetics  of  these  plasmas  also  requires  knowledge  of  V-T  and 
V-V  rates  in  CO,  N2,  and  O2. 

There  exists  an  extensive  literature  on  the  experimental  study  of  V-T  and  V-V  energy 
transfer,  including  recent  state-specific  rate  measurements  for  highly  vibrationally  excited 
molecules,  such  as  NO,  J2.  and  CO  [5-9].  However,  for  many  energy  transfer  processes  among 
high  vibrational  quantum  numbers  the  experimental  rate  data  are  still  unavailable.  As  a  result, 
most  such  rates  used  in  applied  kinetic  modeling  are  based  on  theoretical  scattering  calculations. 
Among  numerous  theoretical  rate  models  available,  one  can  separate  the  following  major 
approaches:  (i)  fully  quantum  calculations,  (ii)  classical,  quasiclassical,  and  semiclassical 
numerical  trajectory  calculations,  and  (iii)  analytic  methods. 

Since  the  exact  quantum  calculations  are  rather  computationally  laborious,  they  have 
been  usually  made  for  a  simplified  model  of  collinear  collisions  of  harmonic  oscillators  and  used 
as  tests  for  more  approximate  approaches  [10-12].  However,  some  three-dimensional 
calculations  of  the  state-specific  vibrational  energy  transfer  rates  for  02-02  using  vibrational 
close-coupling  infinite-order  sudden  approximation  (VCC-IOSA)  have  been  recently  published 

[13]. 

Classical  and  quasiclassical  trajectory  methods,  such  as  used  for  calculations  of 
vibrational  relaxation  rates  for  02-Ar  [14],  N2-N,  and  O2-O  [15,16],  are  applicable  only  for 
calculation  of  rather  la-ge  transition  probabilities.  For  accurate  predictions  of  small  transition 
probabilities  P«l,  a  large  number  of  collision  trajectories,  N-l/P,  have  to  be  averaged. 

Among  semiclassical  calculations,  one  can  mention  the  close-coupled  method  developed 
by  Billing  and  validated  by  comparison  with  the  exact  quantum  calculations,  as  well  as  with 
experimental  data  [17].  Trajectory  calculations  by  this  method  have  been  made  for  a  number  of 
species  such  as  H2,  N2,  02,  and  CO  [18-23]  in  a  wide  range  of  collision  energies  and  vibrational 
quantum  numbers.  These  results  comprise  perhaps  the  most  extensive  and  consistent  vibrational 
energy  transfer  rate  database. 

In  addition  to  some  fundamental  problems  encountered  in  calculations  by  these  advanced 
methods  (such  as  the  choice  of  the  three-dimensional  potential  energy  surface),  their  results  are 
often  difficult  to  interpret  and  use  in  kinetic  modeling  calculations.  First,  it  is  not  always  possible 
to  identify  the  key  energy  transfer  mechanisms  that  control  the  cross-sections  obtained.  Second, 
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the  number  of  the  state-specific  rates  used  as  entries  in  modem  master  equation  kinetic  models 
for  studies  of  strongly  nonequilibrium  gases  and  plasmas  may  reach  104-105.  Even  if  some  of 
these  rate  data  are  available  from  three-dimensional  computer  calculations,  one  has  to  rely  on 
curve  fitting,  unreliable  extrapolation,  or  inaccurate  analytic  parametrization  to  incorporate  the 
rates  into  the  model.  As  a  result,  such  kinetic  models  do  not  provide  new  insight  into  kinetics, 
have  limited  applicability,  and  lack  predictive  capability. 

Approximate  analytic  rate  expressions  are  also  widely  used  in  kinetic  modeling,  mostly 
because  of  their  simplicity.  However,  available  analytic  models  have  serious  inherent  flaws  that 
make  them  much  less  reliable  and  accurate  compared  to  numerical  scattering  calculations.  First, 
most  of  these  models,  such  as  the  Schwartz,  Slawsky,  Herzfeld  (SSH)  theory,  Rapp-Englander- 
Golden  model,  Sharma-Brau  theory  etc.  [24-27]  are  based  on  first-order  perturbation  theory 
(FOPT),  and  therefore  cannot  be  applied  at  high  collision  energies,  high  quantum  numbers,  and 
for  multi-quantum  processes  ( |  i-f  |  >1  in  Eqs.  (1,2)).  An  exception  is  the  nonperturbative  Forced 
Harmonic  Oscillator  (FHO)  model  [28-31],  which  takes  into  account  the  coupling  of  many 
vibrational  states  during  a  collision,  and  is  therefore  applicable  for  such  conditions.  Second, 
analytic  models  are  typically  developed  only  for  collinear  collisions  of  non-rotating  molecules.  A 
procedure  commonly  used  to  account  for  the  effects  of  realistic  three-dimensional  collisions  and 
molecular  rotation  is  the  introduction  of  adjustable  correction  parameters  ("steric  factors")  into 
the  resultant  rate  expression  [32].  These  coefficients,  which  are  assumed  to  be  temperature- 
independent,  have  very  little  or  no  theoretical  basis  and  are  found  from  comparison  of  a  simple 
model  with  experiments  or  three-dimensional  calculations. 

There  have  been  various  attempts  to  develop  non-empirical  expressions  for  the  steric 
factors  and  also  to  incorporate  the  effect  of  rotation  into  analytic  models  [32-35].  In  most  of 
them,  the  simplifying  assumptions  made,  such  as  analyzing  of  collisions  of  arbitrarily  oriented, 
but  non-rotating,  molecules  [32],  or,  on  the  contrary,  considering  only  collisions  of  rapidly 
rotating  "breathing  spheres"  (i.e.  isotropic  three-dimensional  oscillators)  [33-35],  were 
unrealistic.  In  addition,  the  coupled  effects  of  orientation  of  colliding  partners,  molecular 
rotation,  and  non-zero  impact  parameter  collisions  have  been  analyzed  separately.  Finally,  the 
procedure  of  comparison  between  the  experimental  relaxation  rates  and  the  analytic  rates 

corrected  for  non-collinear  orientation  and  rotation,  used  by  some  authors  to  validate 

| 

theoretically  obtained  values  of  the  steric  factors,  is  hardly  conclusive.  It  such  cases,  the 
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agreement  obtained  might  well  be  due  to  the  formal  adjustment  of  the  intermolecular  potential 
parameters  used,  i.e.  to  a  curve  fitting.  The  only  credible  procedure  for  analytic  model  validation 
would  be  comparing  its  predictions  with  the  results  of  three-dimensional  numerical  calculations 
made  for  the  same  potential  energy  surface. 

The  present  work  discusses  further  development  of  a  semiclassical  analytic  vibrational 
relaxation  model  that  incorporates  the  effects  of  three-dimensional  collisions  and  molecular 
rotation  (Forced  Harmonic  Oscillator  -  Free  Rotator,  or  FHO-FR  mode!  [36,  37]).  It  is  a  follow¬ 
up  on  our  previous  publication  [37]  where  we  analyzed  energy  transfer  in  collisions  between  a 
diatomic  molecule  and  an  atom.  Previous  results  demonstrated  not  only  remarkably  good 
agreement  between  the  analytic  and  numerical  probabilities  across  a  wide  range  of  collision 
energies,  but  also  showed  that  the  analytic  FHO-FR  model  correctly  reproduces  the  probability 
dependence  on  other  collision  parameters  such  as  rotation  angle,  angular  momentum  angle, 
rotational  energy,  impact  parameter,  and  collision  reduced  mass.  The  model  equally  well 
predicted  the  cross-sections  of  single-quantum  and  multi-quantum  transitions,  up  to  very  high 
collision  energies  and  quantum  numbers. 

The  main  goal  of  the  present  study  is  development  of  analytic  transition  probabilities  that 
are  in  agreement  with  trajectory  calculations  and  that  can  be  easily  incorporated  in 
nonequilibrium  kinetic  models.  Such  a  model  would  give  new  insight  into  mechanisms  of 
vibrational  relaxation,  as  well  as  bridge  the  gap  between  state-of-the-art  theoretical  scattering 
techniques  and  their  use  for  practical  applications. 

2.  Collision  trajectories  and  transition  probabilities 

The  analysis  of  the  dynamics  of  collisions  between  two  rotating  symmetric  diatomic 
molecules  is  a  straightforward  extension  of  the  procedure  used  for  atom-molecule  collisions  in 
[37].  The  translational  motion  and  the  three-dimensional  rotation  of  the  molecules  are  assumed 
to  be  uncoupled,  and  the  latter  is  unaffected  by  the  collision,  i.e.  free.  Then  the  only  effect  of 
rotation  on  the  collision  trajectory  is  the  periodic  modulation  of  the  interaction  potential.  The 
assumption  of  free  rotation  is  quite  similar  to  the  basic  assumption  made  in  all  semiclassical 
theories,  which  evaluate  the  translational-rotational  trajectory  uncoupled  from  the  vibrational 
motion  of  the  oscillator.  Also,  instead  of  relying  on  perturbation  theory,  the  exact  semiclassical 
solution  of  the  Schrodinger  equation  (the  FHO  theory  [28-31])  is  used  to  evaluate  the  vibrational 
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transition  probabilities.  This  expands  the  applicability  of  the  model  to  high  collision  energies  and 
allows  prediction  of  multi-quantum  vibrational  transition  rates. 

Consider  a  three-dimensional  collision  of  two  symmetric  molecules  (see  Fig.  1).  For  the 
pairwise  atom-to-atom  interaction  described  by  a  repulsive  exponential  function,  Uj(Rj)=Aexp(- 
cxRi),  where  Rj  is  the  distance  between  the  atoms,  the  atom-molecule  interaction  potential  can  be 
written  as  follows: 
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U(R,r,d,,(p1,^2,cp2)  =  4Ae_aR  cosh]  —  costf,  coscp, 
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In  Eq.  (2),  R  is  the  center-of-mass  distance,  r  is  the  separation  of  atoms  in  a  molecule,  $i  and  £2 
are  the  rotation  angles,  and  tpi  and  92  are  the  angles  between  the  plane  of  rotation  and  the 
velocity  vector  v  (see  Fig.  1).  Since  the  rotation  is  assumed  to  be  free,  neither  the  magnitude  nor 
the  direction  of  the  angular  momentum  vectors  change  in  a  collision.  That  gives  $j(t)=  ftio+Cht, 


cpi(t)=cpi0,  where  Qj  are  the  constant  angular  velocities  of  molecular  rotation,  and  the  subscript  "0" 
means  "at  the  point  of  maximum  interaction",  where  U  is  maximum.  To  calculate  the 
semiclassical  trajectory  R(t),  we  also  assume  r(t)=re,  where  re  is  the  equilibrium  atom  separation. 
One  can  see  that  the  potential  (2)  consists  of  the  exponential  translational  part  modulated  by  the 
periodic  rotational  factors.  If  the  rotation  is  not  very  rapid,  the  modulation  can  substantially 


change  the  shape  of  the  time-dependent  perturbation,  U(R,t) ,  where  R  (t)=R(t)-Ro,  and  R0  is 
the  “collision  diameter”  (the  distance  at  the  maximum  interaction  point).  The  classical  equation 

3U(R,t) 


of  motion  for  this  potential,  mR(t)  =  -- 


9R 


(m  is  the  collision  reduced  mass),  can  be  easily 


solved  if  the  rotation  is  slow,  so  that  the  potential  U(R,re,t)  =  U(R,t)  can  be  expanded  near  the 


point  of  maximum  interaction,  Ro. 

This  approach  also  allows  incorporation  of  non-zero  impact  parameter  collisions  by 
taking  into  account  only  radial  relative  motion  of  the  colliding  partners,  R(t),  in  the  vicinity  of 
the  maximum  interaction  point.  Then  the  translational  energy  of  collision,  Etr=E-Erot,i-Erott2,  is 
replaced  by  the  energy  of  the  radial  motion,  Erad=(E-Erot,i-Ero,,2)[l-b2/R(t)2]=(E-Erou-Erot,2)(l- 
b2/Ro2)  (the  so-called  modified  wavenumber  approximation  [34]).  Here  E  is  the  total  collision 
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energy,  Erou=m0.iQi2re2/2  are  rotational  energies  of  the  molecules,  m0,i  are  the  oscillator  reduced 
masses,  and  b  is  the  impact  parameter.  This  approach  is  justifiable  for  short-range  repulsive 
interactions  when  the  energy  transfer  is  determined  by  a  small  portion  of  the  trajectory  near  the 
maximum  interaction  point  [38].  The  resultant  expression  for  the  trajectory  is 
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Eq.  (3)  describes  a  parametric  set  of  three-dimensional  trajectories  with  the  same  total  collision 
energy  E  and  various  values  of  rotational  energies,  impact  parameter,  and  orientation  of  collision 
partners,  characterized  by  a  single  factor  y=(e,y,fho, 910,^20, 920).  which  is  given  by  Eq.  (4).  In  Eq. 
(4),  ei=Erou/E,  and  y=b2/Ro2.  The  factor  Ey2  in  Eq.  (3)  can  be  interpreted  as  the  effective  collision 
energy.  One  can  see  that  at  ei=y=T&io=9io=0.  one  has  y=l,  E=Etr,  and  the  trajectory  coincides  with 
the  one-dimensional  result  for  a  head-on  collinear  collision  of  two  non-rotating  molecules  [39]. 

The  applicability  of  Eqs.  (3,4)  is  limited  to  relatively  slow  molecular  rotation  [37] ,  when 
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so  that  the  collision  trajectory  of  a  rapidly  rotating  molecule  cannot  be  accurately  predicted, 
especially  at  large  impact  parameters.  However,  the  contribution  of  such  collisions  to  the  overall 
transition  probability  as  a  function  of  the  total  collision  energy  E  is  expected  to  be  small  (see 
discussion  in  [37]).  Therefore,  in  the  present  work  we  disregard  such  collisions.  Later  we  will 
show  that  this  assumption  is  consistent  with  the  results  of  the  three-dimensional  trajectory 
calculations. 
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Having  calculated  the  free  rotation  collision  trajectory  (3,4),  we  can  evaluate  the 
semiclassical  vibrational  energy  transfer  probabilities  P(ii,i2— >fi,f2),  where  i  and  f  are  initial  and 
final  vibrational  quantum  numbers,  respectively.  For  this  we  will  use  the  FHO  theory  [28-31],  a 
nonperturbative  analytic  model,  originally  developed  for  collinear  collisions  of  nonrotating 
diatomic  molecules.  This  model  is  based  on  the  exact  solution  of  the  Schrodinger  equation  for 
the  intermolecular  potential  U(R,r,-fy,(pj)  linearized  in  r  and  therefore  takes  into  account  the 
coupling  of  all  vibrational  quantum  states  during  a  collision.  It  is  applicable  up  to  high  collision 
energies  and  vibrational  quantum  numbers,  as  well  as  for  multiquantum  transitions.  The  scaling 
law  predicted  by  this  model,  i.e.  the  probability  dependence  on  the  vibrational  quantum  numbers, 
is  independent  of  the  interaction  potential.  Unfortunately,  the  exact  FHO  expression  for  a  general 
V-V-T  process  probability,  P(ii,i2-»fi,f2),  is  extremely  cumbersome  [30].  However,  FHO 
probabilities  of  the  V-T  processes,  P(ii,0— »fi,0),  and  of  the  V-V  process,  P(ii,i2— >fi,f2),  irfi=f2* 
i2,  are  much  simpler.  They  are  given  by  the  following  relations  [37,40,41] : 
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for  the  V-V  processes.  In  Eqs.  (6,7),  the  potential-dependent  parameters  Q  and  G  are  the 
following  trajectory  integrals  [28-30]: 
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(8,9),  r  =r-re,  oo,  =— - —  is  the  average  vibrational  quantum  for  the  transition 
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In  Eqs. 


(llrlO)2  = - is  the  frequency  corrected  squared  matrix  element  of  the  transition  0->l. 
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Using  Eqs.  (3,4),  one  obtains 
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In  Eq.  (10,11),  0'=  —  f1 — ,  0  =  -^-,  and  u  =  V2E/m  .  Note  that  two  different  symbols,  i.e. 

a  k  k 

d  and  6 ,  are  being  used  throughout  this  chapter  for  the  rotation  angle  and  the  characteristic 
vibrational  temperature,  respectively.  The  product  uy  can  be  interpreted  as  an  effective  collision 
velocity.  One  can  see  that  at  e=y=dio=(pio=0,  one  has  y=l,  E=Etr,  and  Eqs.  (10,11)  coincide  with 
the  one-dimensional  probabilities  of  the  single-quantum  transitions  0— '1  and  1,0— >0,1,  predicted 
by  the  SSH  theory  [24,39].  The  difference  between  the  present  FHO-FR  model  and  the  one¬ 
dimensional  SSH  theory  result  is  that  Eqs.  (4,10,11)  incorporate  three-dimensional  trajectories  of 
rotating  molecules  as  well  as  the  coupling  of  vibrational  states  during  a  collision. 

3.  Comparison  with  trajectory  calculations 

To  verify  the  accuracy  of  the  present  model,  it  has  to  be  compared  with  three- 
dimensional  semiclassical  trajectory  calculations  for  the  diatom-diatom  collisions,  for  the 
potential  energy  surface  given  by  Eq.  (2).  For  this  purpose,  we  have  used  the  computer  codes 
DIDIAV  and  DIDIEX  developed  by  Billing  [42,43].  Both  codes  calculate  classical  translational- 
rotational  collision  trajectories.  The  main  difference  between  the  two  codes  is  that  DIDIAV  uses 
the  FHO  formalism  [28-30],  modified  by  Kelley  [31],  to  evaluate  semiclassical  vibrational 
transition  probabilities  of  a  frequency  corrected  harmonic  oscillator,  while  in  DIDIEX  the 
semiclassical  probabilities  are  evaluated  by  solving  a  set  of  coupled  equations  for  the  time- 
dependent  expansion  coefficients  of  the  vibrational  wavefunction  over  a  basis  of  stationary  states 
of  the  molecules.  While  the  second  approach  is  certainly  more  accurate,  the  calculation  time 
using  DIDIEX  is  about  an  order  of  magnitude  longer.  Both  codes  give  close  results  (within  10- 
30%)  except  for  the  multi-quantum  V-T  probabilities  at  high  collision  energies,  for  which  the 
DIDIEX  predictions  are  preferred.  Calculations  were  made  for  collisions  of  two  N2  molecules. 
The  coupling  matrix  elements  (i|r|i±l)  used  by  DIDIEX  were  calculated  for  the  frequency 

corrected  harmonic  oscillator  (i.e.  with  harmonic  wavefunctions  but  anharmonic  energy 
spectrum),  with  up  to  10  states  used  for  the  vibrational  wavefunction  expansion.  The  frequency 
corrected  harmonic  oscillator  approximation  also  implies  that  parameter  to  in  the  FHO-FR  model 
is  evaluated  as  the  average  vibrational  quantum  of  a  transition,  i.e.  co=|E,  -Ef|/sfi.  The  N2 
vibrational  quantum,  the  anharmonicity,  and  the  equilibrium  atom  separation  were  taken  to  be 
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C0e=2359.6  cm'1,  cOeXe=14.456  cm'1,  and  re=1.094  A.  The  intermolecular  repulsive  potential 

parameters  used  were  A=1730  eV,  and  a=4.0  A'1  [19]. 

The  calculation  results  are  summarized  in  Figs.  2-7.  We  emphasize  that  in  the  present 
work  we  will  always  compare  the  absolute  values  of  the  analytic  FHO-FR  probability  and 
numerical  probability,  respectively,  evaluated  for  two  identical  potential  energy  surfaces.  We 
will  also  use  the  one-dimensional,  collinear-collision  SSH  probabilities 
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only  as  convenient  scale  factors.  This 


procedure  is  more  challenging  than  comparison  of  the  two  relative  probabilities  (i.e.  analytic  vs. 
numerical),  both  normalized  on  their  respective  values  at  some  reference  point,  which  is 
commonly  used  for  validation  of  analytic  rate  models.  For  brevity,  let  us  omit  the  subscript  "0" 
remembering,  however,  that  from  now  on  the  angles  and  91  are  always  evaluated  at  the 
maximum  interaction  point.  Figure  2  shows  the  ratio  of  the  three-dimensional  FHO-FR  V-T 
transition  probability  Pio,oo(E,£i,£2.y.'tii.'ti2.9i>92)>  given  by  Eqs.  (4,6,10),  to  the  SSH  probability 
P1000  (E) .  as  a  function  of  the  rotation  angles  di,  i32.  All  other  collision  parameters  were  held 


constant  at  E=103  cm1,  91=92=0,  £i=e2=l/6,  y=b2/Ro2=0.  Also  shown  in  Fig.  2  is  the  ratio  of  the 
DIDIAV  transition  probability,  evaluated  for  the  same  collision  parameters,  to  the  same  factor 
P,S0S“  (E) .  One  can  see  that  the  FHO-FR  probability  peaks  at  similar  values  of  the  rotation  angles 


as  the  DIDIAV  probability  (fli=-ti2=-0.257i  vs.  fli=-02=-O.37t).  Note  that  the  optimum 
configuration  for  the  V-T  energy  transfer  is  noncollinear.  The  maximum  probability,  wh5:h 
exceeds  P,S0S“  by  more  than  three  orders  of  magnitude,  is  also  predicted  quite  accurately  (within  a 
factor  of  two).  Figure  3  shows  the  ratios  of  the  FHO-FR  and  DIDIAV  V-V  probabilities  P10.01. 
calculated  at  the  same  conditions  as  in  Fig.  2,  to  the  SSH  probability  P,S0S0H,  (E) .  Both  analytic  and 


numerical  probabilities  are  maximum  for  the  collinear  configuration  (•d1=’02=O),  and  the 
maximum  probability  is  predicted  by  the  FHO-FR  model  with  accuracy  of  20%.  From  Fig.  3, 
one  can  see  that  the  analytic  V-V  probability  is  zero  for  the  perpendicular  orientation  of  at  least 
one  of  the  molecules  at  the  point  of  maximum  interaction  {&i=±nJ2  and/or  d2=±7i/2),  while  the 
numerical  probability  in  these  cases  can  be  differ  from  zero.  This  illustrates  that  the  free  rotation 
approximation,  which  works  well  for  the  V-T  processes  induced  over  a  small  portion  of  the 
trajectory  near  the  maximum  interaction  point,  is  less  accurate  for  the  resonance  V-V  processes 
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that  occur  over  a  much  longer  portion  of  the  trajectory  (compare  the  integrals  in  Eqs.  (8,9)).  This 
“non-local”  character  of  the  resonance  V-V  energy  transfer  makes  it  rather  sensitive  to  the 
change  of  the  orientation  angles  due  to  the  forced  (i.e.  non-free)  molecular  rotation  during  the 
collision. 

Figure  4  plots  the  ratios  of  the  FHO-FR  and  DIDIAV  V-T  probabilities  Pio,oo(E,ei,e2,y), 
averaged  over  the  orientation  and  angular  momentum  angles  i!h,$2,(pi,(p2e  [-tc/2,tc/2],  to  the  SSH 
probability  P^5”  (E) ,  as  a  function  of  the  dimensionless  rotational  energies,  e^Enai/E  and 

e2=Erot,2/E.  Once  again,  both  probabilities  peak  at  about  the  same  values  of  ei  and  e2,  £i=£2=0.2, 
and  the  maximum  value  is  predicted  within  about  50%  accuracy.  Note  that  (i)  the  most  efficient 
value  of  rotational  energy  is  within  the  limits  of  applicability  of  the  FHO-FR  model, 
£,  +  e2~1/2,  given  by  Eq.  (5),  and  (ii)  the  DIDIAV  transition  probability  sharply  drops  at 
ej+e^l,  as  discussed  in  Section  2.  The  last  result  justifies  neglecting  rapidly  rotating  molecule 
collisions  (see  Section  2). 

Figure  5  displays  the  ratios  of  the  FHO-FR  and  DIDIAV  V-V  probabilities 
Pio.oi(E,£i,£2,y),  evaluated  at  the  same  conditions  as  in  Fig.  5,  to  the  SSH  probability  P,S0S”  (E) . 
One  can  see  that  the  analytic  probability  linearly  decreases  with  rotational  energy,  while  the 
numerical  probability  at  £i,e2<l/2  is  weakly  dependent  on  the  rotational  energy.  Again,  this 
difference  shows  that  the  free  rotation  approximation  is  less  accurate  for  the  resonance  V-V 
processes  than  for  the  V-T  processes.  As  discussed  above,  the  “non-local”  character  of  the 
resonance  V-V  energy  transfer  makes  it  sensitive  to  the  change  of  the  angular  momentum  vectors 
due  to  the  forced  rotation  during  the  collision,  which  explains  poor  accuracy  of  the  free  rotation 
approximation  in  this  case. 

Figures  6,7  show  the  ratios  of  the  FHO-FR  and  DIDIAV  V-T  and  V-V  probabilities, 
averaged  over  the  orientation  and  angular  momentum  angles  iDi,i!>2.(pi.<P2e  [-Jt/2,7t/2],  to  the  SSH 
probabilities  P,S0S”  (E)  and  P^”  (E) ,  respectively,  as  functions  of  the  impact  parameter  b.  Both 
figures  show  the  probability  ratios  calculated  at  two  collision  energies,  E=103  and  104  cm'1,  at 
ei=e2=l/6.  One  can  see  that  both  V-T  and  V-V  analytic  probabilities  are  within  a  factor  of  two  of 
the  numerical  results,  although  the  impact  parameter  dependence  of  the  FHO-FR  V-T 
probabilities  is  in  much  better  agreement  with  the  trajectory  calculations.  This  again  shows  that 
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the  modified  wavenumber  approximation,  discussed  in  Section  2,  works  better  for  the  “local”  V- 
T  processes  than  for  the  “non-local”  resonance  V-V  processes. 

The  fact  that  the  ratios  and  p“1D1AV/p,soSH  both  greatly  exceed  unity  at 

tfi,$2,£i,£2*0  (see  Figs.  2,4),  demonstrates  that  non-collinear  collisions  of  rotating  molecules  are 
much  more  efficient  for  V-T  energy  transfer  than  head-on  collinear  collisions  of  non-rotating 
molecules  considered  by  the  SSH  theory.  The  same  effect,  caused  by  the  perturbation  of  the 
interaction  potential  near  the  maximum  interaction  point  by  molecular  rotation,  has  been 
observed  in  atom-molecule  collisions  and  discussed  in  [36,37]. 

Comparison  of  the  two-quantum  transition  probabilities,  P2o,oo  and  P2o,o2.  with  the 
trajectory  calculations  by  DIDIAV  demonstrated  the  same  kind  of  agreement  (i.e.  between  a  few 
tens  of  percent  and  a  factor  of  two). 

To  compare  the  analytic  and  the  numerical  transition  probabilities  as  functions  of  only 
the  total  collision  energy  E,  we  numerically  averaged  the  probabilities  PvtUi.O — >f- 
i,0,E,ei,y,fli,(pi).  given  by  Eqs.  (4,6,10),  and  Pw(ii4z-^fi.f2.E,£i,y,fli,<pi).  given  by  Eqs.  (4,7,11), 
over  the  values  of  rotational  energy,  impact  parameter,  and  orientation  angles,  using  105  points 
randomly  chosen  in  phase  space.  The  respective  numerical  transition  probabilities  in  a  collision 
energy  range  E=102-106  cm'1  were  obtained  by  Monte  Carlo  averaging  over  1000  randomly 
chosen  trajectories  with  the  same  value  of  E,  which  provided  10-20%  accuracy.  The  initial 
separation  between  a  molecule  and  an  atom  was  15  A,  and  the  maximum  impact  parameter  was 
2.5  A. 

Figure  8  compares  the  FHO-FR  and  the  DIDIEX  V-T  probabilities.  One  can  see  the 
remarkable  agreement  in  the  entire  collision  energy  range  considered,  both  for  single-quantum 
and  multi-quantum  processes,  up  to  s=5.  Figure  9  shows  that  the  agreement  is  also  very  good  for 
the  V-T  probabilities  at  high  vibrational  quantum  numbers,  i~40.  To  illustrate  a  breakdown  of 
the  one-dimensional  first-order  perturbation  theory  (SSH  theory),  Fig.  9  also  shows  the  SSH 
probability  of  the  vibrational  transition  (40,0-^39,0),  which  is  in  complete  disagreement  with 
both  the  three-dimensional  model  (FHO-FR)  and  the  trajectory  calculations.  Note  that 
calculations  using  DIDIEX  are  rather  time-consuming,  especially  for  multi-quantum  processes, 
which  require  a  large  number  of  vibrational  states  in  each  molecule  for  the  wavefunction 
expansion.  Therefore  the  rest  of  calculations  has  been  performed  using  a  simpler  code  DIDIAV. 
The  difference  between  the  predictions  of  the  two  codes  typically  does  not  exceed  10-30%, 
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except  for  the  multi-quantum  quantum  processes  at  high  collision  energies  (E>105  cm'1  for 
transitions  (i,0 — >0,0)  in  nitrogen),  when  the  difference  increases  up  to  a  factor  of  2-3.  At  these 
conditions,  the  predictions  of  DIDIEX  are  considered  to  be  more  accurate. 

Figures  10-12  compare  the  FHO-FR  and  the  DIDLAV  V-V  probabilities.  Again,  the 
agreement  is  quite  satisfactory  both  for  the  resonance  (Figs.  10,11)  and  non-resonance  (Fig.  12) 
single-quantum  and  multi-quantum  V-V  processes.  The  SSH  probability  of  the  transition 
(40,39->39,40),  shown  in  Fig.  11,  completely  disagrees  with  both  three-dimensional  models  in 
the  entire  collision  energy  range,  which  again  illustrates  that  one-dimensional  perturbation 
theories  are  inapplicable  for  the  high  vibrational  quantum  numbers. 

The  results  of  the  model  validation  calculations  discussed  above  demonstrate  that  the 
analytic  FHO-FR  formulae  given  by  Eqs.  (4,6,7,10,11)  accurately  predict  the  transition 
probability  dependence  on  all  collision  parameters  such  as  total  collision  energy,  molecular 
orientation  during  the  collision,  rotational  energies,  and  impact  parameter.  The  model  is 
applicable  in  a  very  wide  range  of  collision  energies  and  vibrational  quantum  numbers,  as  well  as 
for  processes  of  transfer  of  many  vibrational  quanta.  Thus,  taking  into  account  (i)  modulation  of 
the  interaction  potential  by  the  molecular  rotation  which  is  assumed  to  be  free,  (ii)  non-zero 
impact  parameters  collisions  using  the  modified  wavenumber  approximation,  and  (iii)  many- 
state  coupling  using  the  FHO  model,  permits  capturing  the  principal  mechanism  of  molecule-to- 
molecule  vibrational  energy  transfer  and  gives  an  accurate  three-dimensional  analytic  rate  model. 

4.  Averaging  the  probabilities  and  discussion 

To  make  the  FHO-FR  model  useful  for  practical  calculations,  we  have  to  find  the 
transition  probabilities  as  functions  of  total  collision  energy  E,  that  is  to  integrate  the 
probabilities  over  the  angles  fy,  fl2.  cpi,  q>2.  the  rotational  energies  £i  and  £2,  and  the  impact 
parameter  y.  The  multidimensional  integral  is  evaluated  by  steepest  descent  method,  which 
typically  introduces  an  integration  error  of  about  30-70%.  Following  the  procedure  [37],  we  first 
obtain  the  optimum  configuration  when  the  V-T  probability  at  the  given  total  collision  energy  E 
reaches  maximum, 


=q>;=0; 


y*  =°; 


Y  =V372 


(12) 
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The  location  of  the  optimum  configuration  is  in  excellent  agreement  with  the  predictions  of  the 
trajectory  calculations  (see  Section  3,  Figs.  2,4,6).  The  maximum  probability  for  this  optimum 
configuration,  P(ii,0-»fi,0)\  is  given  by  Eq.  (6),  where  now 


2kcq 

auV3/ 2 


(13) 


The  superscript  will  denote  the  optimum  configuration  parameters  through  the  remainder  of 
this  chapter.  One  can  see  that  zero  impact  parameter  collisions  (y*=0)  are  most  efficient  for  the 
vibrational  energy  transfer.  However,  the  probability  reaches  maximum  for  a  non-collinear 
collision  (flr=fl2’=-7i/4)  of  rotating  molecules  (er=e2*=l/6),  when  the  angular  momentum  vector 
is  perpendicular  to  the  velocity  vector  v  near  the  point  of  maximum  interaction  (cpi  =tp2  =0)  (see 
Fig.  1).  Expanding  the  probability  of  Eq.  (6)  in  a  series  near  the  optimum  configuration  point 
(12)  and  integrating,  one  obtains 


P(i„0->f„0,E.Q-<s*)=M(|j(^j(Q7 


xexp 
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where  Q*  is  given  by  Eq.  (13)  and 


sth  _  (s  +  1) (s  +  2) 


2nc 


V 


3s  +  2 
s  +  2 


-1 


(15) 


At  Q*>s‘\  i.e.  at  the  high  collision  energies,  the  procedure  for  the  probability  integration 
becomes  more  cumbersome,  since  the  optimum  configuration  of  collision  parameters,  such  as 
given  by  Eq.  (12)  is  no  longer  unique  (see  discussion  in  [37}). 
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Repeating  this  procedure  for  the  V-V  processes,  we  obtain  the  optimum  configuration, 
which  in  this  case  is  collinear, 


=  Oj  =cp;  =cp’  =e|  =  e’2  =  y’  =  0;  y  =  1 , 


(16) 


Again,  the  location  of  this  optimum  configuration  is  in  excellent  agreement  with  the  predictions 
of  the  trajectory  calculations  (see  Section  3,  Figs.  3,5,7).  The  maximum  probability  for  the. 
optimum  configuration  is  given  by  Eq.  (7),  where 
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Expansion  the  probability  of  Eq.  (7)  in  a  series  near  the  optimum  configuration  point  (16)  and 
integration  over  the  angles,  rotational  energies,  and  impact  parameters,  gives 
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where  now 
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Note  that  at  s=l  and  G*«l,  Eq.  (18)  looks  almost  exactly  as  the  expression  for  the  one¬ 
dimensional  SSH  probability  (1, 0->0,l)  [39]  except  for  the  factor  F(l)=l/128.  This  is  the  three- 
dimensional  “steric  factor”  which  describes  the  V-V  probability  reduction  due  to  non-collinear 
orientation,  molecular  rotation,  and  non-zero  impact  parameter  collisions.  Again,  at  the  high 
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collision  energies,  such  as  G*>sth,  non-uniqueness  of  the  optimum  configuration  substantially 
complicates  the  analysis.  The  complete  closed  form  expressions  for  the  V-T  and  V-V 
probabilities  that  span  both  low  and  high  collision  energies,  such  as  obtained  for  atom-molecule 
collisions  in  [37],  will  be  given  in  our  next  publication. 

Thermally  averaged  relaxation  rate  coefficients  can  be  determined  by  averaging  of  the 
transition  cross-sections  over  the  Boltzmann  distribution  [42]: 
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In  Eq.  (20),  (u)  = 
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,  E  =  E  +  AE/2  +  (AE) 2 /  16E  is  the  symmetrized  collision  energy 


[42],  AE  is  vibrational  energy  defect,  c(E)  is  the  cross-section,  and  P(E)  is  the  transition 
probability.  The  factor  7tRo2-(E/T)3  in  the  expression  for  the  cross-section  appears  due  to 
integration  over  the  values  of  orbital  kinetic  energy  (or  orbital  angular  momentum)  and  two 
rotational  energies  (or  rotational  angular  momenta)  [42].  The  maximum  interaction  distance  Ro  is 
found  as  U(R0)=kT,  Ro=2.5  A  at  T~104  K.  Then  the  effective  cross  section  for  elastic  collisions 

is  ((ad ))  =  =  3kRq  *  60  A2 ,  and  the  gas  kinetic  collision  frequency  is  Z=  3tcR2(u)  . 
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Evaluation  of  the  integral  in  Eq.  (20)  using  the  V-T  probability  (14)  yields 


[2^(nJ 

e'  y 

TS2  r 

3 

r  0's2  ^ 

1/3' 

J  3  (s!)2 

l26. 

(  e'  J  exp 

2 

^  (3/ 2)T  j 

xexp 


2n. 


,  0s 
xexP1- 


s  +  1 

f 


exp 


3 

r  0'  i 

1/3" 

2 

[(3/2)sT  J 

(s  + 1) 2  (s  +  2) 


exp 


3 

L  V 


e' 


(3/2)sT 


,1/3 


J  J 


0  r(3/2)T 
1  4T[  0's2 


,1/3  V 


(21) 


56 


The  last  exponential  factor  in  Eq.  (21)  originates  from  the  symmetrization  of  collision  energy  in 
Eq.  (20).  Following  the  procedure  suggested  in  [42],  we  evaluate  the  rates  of  exothermic 
processes.  The  endothermic  rates  can  be  found  simply  as  kcnd0  =  kM0  exp(-0s/T) .  Eq.  (21)  is 
valid  only  if  T^T*,  where  T*  is  the  threshold  temperature  that  corresponds  to  the  “switching” 
from  the  unique  to  the  multiple  optimum  configuration  regime  (see  [37]), 
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The  values  of  the  threshold  temperature  for  N2-N2  collisions,  given  by  Eqs.  (22),  change  from 
T*® 11,000  K  for  the  transition  1— >0  to  Tth=l,300  K  for  the  transition  40— >39.  More  elaborate 
integration  is  needed  to  obtain  the  closed  form  analytic  V-T  rates  at  higher  temperatures. 

Integration  of  Eq.  (20)  using  the  V-V  probability  of  Eq.  (18)  at  £=0  (for  the  resonance  V- 
V  processes)  yields 
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One  can  see  that  the  thermally  averaged  three-dimensional  “steric  factor”  for  single-quantum  V- 
V  exchange  in  Eq.  (23),  F(l)=l/32,  is  different  from  the  value  obtained  by  the  modified  SSH 
theory,  1/9  [24],  and  changes  with  the  number  of  transmitted  quanta,  s.  Integration  at  £*0 
becomes  less  straightforward  and  requires  additional  analysis,  which  we  intend  to  complete  in 
our  next  publication. 

Eq.  (23)  is  valid  if  T<Tth,  where  T*  is  given  by 
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(24) 
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For  N2-N2  collisions,  Tth=4,000  K  for  the  transition  10,9— >9,10  but  drops  to  only  ^=250  K  for 
the  transition  40,39^39,40.  Again,  more  elaborate  integration  is  needed  to  obtain  the  closed 
form  analytic  V-V  rates  at  higher  temperatures. 

While  the  complete  analytic  FHO-FR  V-T  and  V-V  rate  expressions  are  not  yet  available, 
we  compared  the  rates  coefficients  obtained  by  numerical  integration  of  the  analytic  FHO-FR  V- 
T  probabilities  given  by  Eqs.  (6,10,20)  and  V-V  probabilities  given  by  Eqs.  (7,11,20)  over  all 
collision  parameters,  with  trajectory  calculations  for  N2-N2.  Figs.  13,14  show  that  the  results  are 
in  remarkably  good  agreement  in  the  temperature  range  of  200<T<10000  K  and  vibrational 
quantum  number  range  0<i<40.  Although  multi-quantum  FHO-FR  rate  coefficients  are  not 
shown,  comparison  of  the  probabilities  in  Figs.  8-12  leaves  no  doubt  that  the  agreement  is 
equally  good. 

Finally,  the  FHO-FR  model  predictions  for  O2-O2  relaxation  rates  has  been  compared 
with  (i)  experimental  data  [6-8],  (ii)  three-dimensional  semiclassical  calculations  by  DIDIAV 
using  the  potential  energy  surface  [20],  which  takes  into  account  the  long-range  dispersion  and 
quadrupole-quadrupole  interaction  terms,  and  (iii)  three-dimensional  quantum  calculations  using 
ab  initio  potential  energy  surface  [13],  rather  than  the  simplified  atom-to-atom  potential  [20]. 
Analytic  FHO-FR  relaxation  rates  have  ber^i  evaluated  using  Eq.  (3)  with  a=4.0  A'1,  which  has 
been  determined  in  [20]  from  the  best  fit  of  the  short-range  potential  energy  surface  to  ab  initio 
data.  The  results,  shown  in  Fig.  15,  again  demonstrate  good  agreement  between  experimental 
data,  analytic  model,  and  three-dimensional  calculations. 

5.  Summary 

Analysis  of  classical  trajectories  of  free-rotating  symmetric  diatomic  molecules  acted 
upon  by  a  repulsive  potential  allow  extending  a  three-dimensional  semiclassical  nonperturbative 
analytic  model  of  vibrational  energy  transfer  (FHO-FR  model)  to  molecule-molecule  collisions. 
The  model  takes  into  account  the  following  coupled  effects:  (i)  interaction  potential  modulation 
by  free  rotation  of  arbitrarily  oriented  molecules  during  a  collision,  (ii)  reduction  of  the  effective 
collision  velocity  in  non  zero  impact  parameter  collisions  of  rotating  molecules,  and  (iii)  multi- 


58 


4 


state  coupling  in  a  collision. 

The  FHO-FR  model  predictions  have  been  compared  with  close-coupled  semiclassical 
trajectory  calculations  using  the  same  potential  energy  surface.  The  comparison  demonstrates  not 
only  very  good  agreement  between  the  analytic  and  numerical  probabilities  across  a  wide  range 
of  collision  energies,  but  also  shows  that  the  analytic  model  correctly  reproduces  the  probability 
dependence  on  other  collision  parameters  such  as  rotation  angles  angular  momentum  angles, 
rotational  energies,  and  impact  parameter.  The  model  equally  well  predicts  the  cross-sections  of 
single-quantum  and  multi-quantum  V-T  and  V-V  transitions  and  is  applicable  up  to  very  high 
collision  energies  and  quantum  numbers.  The  resultant  analytic  expressions  for  the  probabilities 
do  not  contain  any  arbitrary  adjustable  parameters  commonly  referred  to  as  "steric  factors".  The 
results  obtained  in  the  present  work  can  be  used  for  calculations  of  the  state-specific  V-T  and  V- 
V  relaxation  rates  in  collisions  of  symmetric  or  nearly  symmetric  molecules  such  as  N2-N2,  02- 
02,  and  N2-02.  Thus,  the  present  work  essentially  completes  development  of  the  analytic  rate 
database  for  vibrational  energy  transfer  among  air  species,  increasing  the  range  of  applicability 
of  the  FHO-FR  model  (previous  results  [37]  are  applicable  for  N2-Ar,  02-Ar,  N2-He,  and  02-He 
V-T  relaxation).  It  remains  an  open  question,  however,  whether  the  approach  used  here  is 
applicable  for  calculations  of  vibrational  energy  transfer  rates  induced  by  the  long-range 
multipole-multipole  interaction,  such  as  occurs  in  CO-CO  and  CO-N2  collisions.  Recently,  FHO- 
FR  model  has  also  been  used  for  prediction  of  nonequilibrium  dissociation  rates  of  diatomic 
molecules,  showing  satisfactory  agreement  with  experimental  measurements  behind  the  shock 
waves  [44]. 

The  FHO-FR  model  provides  new  insight  into  kinetics  of  vibrational  energy  transfer  and 
provides  analytic  expressions  for  state-specific  transition  probabilities  and  rate  coefficients, 
applicable  in  the  wide  range  of  collision  energies  and  temperatures  that  can  be  easily 
incorporated  into  existing  nonequilibrium  flow  codes.  FHO-FR  V-T  transition  probabilities  in 
molecule-molecule  collisions  have  been  recently  used  in  DSMC  modeling  of  nonequilibrium 
hypersonic  flows  [45].  Closed  form  analytic  expressions  for  the  V-T  and  V-V  rates  valid  in  a 
wide  range  of  collision  energies  will  be  completed  and  published  in  the  near  future. 
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Figure  2.  Comparison  of  the  analytic  FHO-FR  probability  and  the  numerical  DIDIAV 
probability  of  the  V-T  transition  (1 ,0-»0,0)  for  N2-N2  as  functions  of  the  rotation  angles  di  and 
02.  The  total  collision  energy  is  E=1000  cm1,  £i=e2=l/6,  b=0. 
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Figure  3.  Comparison  of  the  analytic  FHO-FR  probability  and  the  numerical  DIDIAV 
probability  of  the  V-V  transition  (1,0— >0,1)  for  N2-N2  as  functions  of  the  rotation  angles  $  i  and 
i52.  The  total  collision  energy  is  E=1000  cm'1,  ei=e2=l/6,  b=0. 


Figure  4.  Comparison  of  the  analytic  FHO-FR  probability  and  the  numerical  DIDIAV  probability 
of  the  V-T  transition  (1,0 — >0,0)  for  N2N2,  both  averaged  over  the  collision  angles  di,$2,(pi,  and 
tp2,  as  functions  of  the  rotational  energies  £i  and  e2.  The  total  collision  energy  is  E=1000  cm'1,  b=0. 
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Figure  5.  Comparison  of  the  analytic  FHO-FR  probability  and  the  numerical  DIDIAV  probability 
of  the  V-V  transition  (1,0-40,1)  for  N2-N2,  both  averaged  over  the  collision  angles  d  1,^2. <pi,  and 
(p2,  as  functions  of  the  rotational  energies  £1  and  £2.  The  total  collision  energy  is  E=1000  cm'1,  b=0. 
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Figure  6.  Comparison  of  the  analytic  FHO-FR 
probability  and  the  numerical  DIDIAV  probability 
of  the  V-T  transition  (1,0-40,0)  for  N2-N2,  both 
averaged  over  the  collision  angles  $1,  $2,  cpi,  and 
(p2,  as  functions  of  impact  parameter  b.  £i=e2=l/6. 


Figure  7.  Comparison  of  the  analytic  FHO-FR 
probability  and  the  numerical  DIDIAV  probability 
of  the  V-V  transition  (l,0-»0,0)  for  N2-N2,  both 
averaged  over  the  collision  angles  fli,  $2,  cpi,  and 
<P2,  as  functions  of  impact  parameter  b.  £i=E2=1/6. 
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V-T  Probability 


Figure  8.  Comparison  of  analytic  and 
numerical  probabilities  of  V-T  transitions 
(i,0 — >0,0)  for  N2-N2 
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Figure  10.  Comparison  of  analytic  and 
numerical  probabilities  of  resonance  V-V 
transitions  (i,0-*0,i)  for  N2-N2 
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Figure  9.  Comparison  of  analytic  and 
numerical  probabilities  of  V-T  transitions 
(i,0->i-s,0)  for  N2-N2,  i=40 
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Figure  11.  Comparison  of  analytic  and 
numerical  probabilities  of  resonance  V-V 
transitions  (i,i-s— >i-s,i)  for  N2-N2,  i=40 
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Figure  12.  Comparison  of  analytic  and 
numerical  probabilities  of  non-resonance  V-V 
transitions  (i,0— >i-s,s)  for  N2-N2.  Solid  lines, 
analytic  (FHO-FR)  model;  dashed  lines, 
trajectory  calculations  by  DIDIAV 


Figure  13.  Comparison  of  analytic  (solid  lines) 
and  numerical  (dashed  lines)  rates  of  V-T 
transitions  for  N2-N2 
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Figure  14.  Comparison  of  analytic  (solid  lines) 
and  numerical  (dashed  lines)  rates  of  V-V 
transitions  (l,i-l — >0,i)  and  (4 1  ,i-l — >40,i)  for 
N2-N2 


Relaxation  Rate  Constant,  cm3/s 


Figure  15.  Comparison  of  analytic  (solid  line), 
semiclassical  (dashed  line),  and  quantum  (dot- 
dashed  line)  calculations  with  experimental 
relaxation  rates  in  O2  at  room  temperature 
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CHAPTER  III 

SEMICLASSICAL  MODELING  OF  STATE-SPECIFIC  DISSOCIATION 
RATES  IN  DIATOMIC  GASES 


1.  Introduction 

The  vibration-dissociation  coupling  is  of  key  importance  to  hypersonic  reentry, 
significantly  affecting  aerodynamics,  radiative  and  convective  heat  fluxes,  and  spectral 
signatures  of  vehicles  flying  at  sub-orbital  to  super-orbital  velocities  in  rarefied  atmosphere. 
Over  the  last  four  decades,  high-temperature  dissociation  and  vibrational  relaxation  was  a  subject 
of  a  number  of  experimental  and  theoretical  studies,  reviewed  by  Park,1  and,  more  recently,  by 
Macheret.2  A  number  of  models,  such  as  those  suggested  by  Marrone  and  Treanor,3  Losev,4  and 
Park,1  6  have  been  used  with  some  success  to  describe  experimental  data  on  nonequilibrium 
dissociation.  Those  models,  however,  are  empirical  or  semiempirical,  using  adjustable 
parameters  found  from  a  fit  to  a  limited  number  of  experimental  data,  which  cannot  guarantee 
their  validity  outside  of  the  calibration  range. 

Most  models  of  vibrational  relaxation,  until  recently,  relied  upon  a  first-order 
perturbation  (FOP)  method,7  such  as  that  used  in  SSH  theory,7’  8  with  some  modifications.7,  9 
Despite  a  reasonable  agreement  of  the  calculated  overall  relaxation  times  with  experiments,  FOP 
methods  cannot  pretend  to  adequately  describe  state-specific  relaxation  rates  at  high  collision 
energies  and  temperatures  typical  of  hypersonic  bow  shocks. 

Recently,  the  authors  and  their  colleagues  have  developed  new  theories  of  high- 
temperature  relaxation10"14  and  dissociation2,  15,  16,  especially  well  suited  for  high-temperature 
environment.  The  principal  idea  of  these  theories  is  that  at  high  energy  of  colliding  particles  a 
molecule  can  jump  over  many  vibrational  quantum  states.  These  jumps  can  be  both  bound-bound 
(vibrational  relaxation)  and  bound-free  (dissociation),  and  they  must  be  correctly  accounted  for 
even  in  the  first  approximation.  For  the  relaxation  problem,  correct  and  convenient  framework  is 
provided  by  the  Forced  Harmonic  Oscillator  (FHO)  model,17'20  which  naturally  and  consistently 
includes  multi-quantum  jumps.  With  relatively  simple  corrections  for  anharmonicity  and 
enforcement  of  detailed  balance,  this  model  has  been  demonstrated  to  agree  very  well  with  both 
experimental  data  and  sophisticated  state-of-the-art  quantum  computations.  The  FHO  approach 
was  also  used  to  model  dynamics  of  populations  of  vibrational  levels  during  relaxation,  and  to 
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resolve  a  long-debated  “bottleneck"  problem.12  Most  recently,  the  approach  was  extended  to 
explicitly  account  for  three-dimensional  motion  of  colliding  particles  and  molecular  rotation, 
resulting  in  a  fully  analytical,  without  adjustable  parameters,  non-perturbative  theory  of  multi¬ 
quantum  vibrational  energy  transfer.13  14  The  important  role  of  rotation  and  non-collinear 
collisions  was  clearly  demonstrated,  and  the  calculated  rates  agree  well  with  experiments  as  well 
as  with  clcse-coupled  quantum  and  semiclassical  computations  using  full  potential  energy 
surfaces  fcr  N2-He,2123  N2-N2,24  and  02-02.25'29 

The  recently  developed  dissociation  model2, 15, 16  also  argued  that  because  of  availability 
of  high  kinetic  energies  of  particles  in  the  post-shock  environment  molecules  can  dissociate  even 
from  low  vibrational  states  in  a  single  collision.  The  model  used  classical  impulsive  (sudden) 
approximation  to  calculate  both  dissociation  thresholds  and  probabilities  to  find  the  colliding  pair 
near  its  optimum  configuration.  Vibrational  state-specific  and  rotational  energy  dependent 
dissociation  rates  have  been  derived  in  closed  analytical  form.  However  successful,  the  model2, 
15, 16  is  not  free  from  problems.  The  impulsive  approximation  should  certainly  be  correct  as  a 
high-energy  asymptotic,  but  it  is  not  clear  if  a  real  dissociating  system  is  close  to  this  limit. 
Additionally,  the  calculated  probability  factors16  turned  out  to  have  singularities  at  certain 
energies,  which  calls  for  more  sophisticated  methods  of  evaluating  the  probabilities. 

In  the  present  work,  we  suggest  a  theory  of  state-specific  dissociation  rates  of  simple 
diatomic  molecules.  The  approach  is  essentially  a  modified  FHO  model  that  allows  to  calculate 
probabilities  of  jumps  across  many  quantum  states,  if  an  energy  transferred  to  a  classical  initially 
non-vibrn'Jng  oscillator  can  be  determined.  The  latter  value  is  derived  for  three-dimensional 
collisions  of  rotating  molecules  in  two  cases:  free-rotation  approximation  and  impulsive  (sudden) 
limit.  As  a  result,  both  state-specific  and  thermally-averaged  dissociation  rates  are  calculated, 
and  roles  of  various  degrees  of  freedom  can  be  quantified. 

2.  The  FHO-based  dissociation  model 

Consider  collisions  of  diatomic  molecules  AB  with  atoms  M  in  the  course  of  which  the 
molecule  changes  its  vibrational  quantum  state  from  /  to  f. 

AB(i)+  M  ->  AB(f)  +  M  (1) 

If  the  molecule  is  modeled  as  a  harmonic  oscillator,  and  the  collision’s  effect  is  treated  as 
exerting  a  perturbing  force  on  the  oscillator,  then  the  probability  of  the  process  (1)  is:7, 10,  Ut  18 
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|2 


(2) 


/.  (?)  =  il  /IG*' exp  (-<?)' 


f  H/  1 

£r!(/-r)l(/-r)!  <7 


where  n  =  min(;,  /),  and  Q  =  AE/hco  is  the  dimensionless  energy  (i.e.  the  average  number  of 

quanta)  transferred  to  the  initially  non-vibrating  classical  oscillator  in  an  AB-M  collision. 

The  Forced  Harmonic  Oscillator  (FHO)  method  is  a  consistent  and  convenient  scaling 
tool,  allowing  close-coupled  calculations  of  transitions  across  an  arbitrary  number  of  vibrational 
levels.  This  method  reduces  the  complexity  of  the  quantum  problem  to  classical  calculations  of 
collisional  energy  transfer  to  an  initially  non-vibrating  oscillator.  The  principal  drawbacks  of  the 
FHO  method  are:  i)  anharmonicity  of  real  molecules-oscillators,  and  ii)  neglect  of  the  reverse 
effect  of  the  oscillator  on  the  perturbing  classical  trajectory.  The  simplest  way  to  account  for  the 
anharmonicity  is  to  correct  only  frequency,  and  not  the  wavefunctions:  for  each  transition 
/  / ,  the  quantity  co  =  \E,.-  Ef\/(h\i-  /|) ,  where  Et  and  Ef  are  the  energies  of  the  respective 

levels,  is  used  as  the  effective  oscillator  frequency.  To  account  for  the  oscillator  feedback  effect 
on  the  classical  trajectory,  a  symmetrization  procedure  is  commonly  used  whereby  the  effective 
initial  velocity  of  the  colliding  pair  is  taken  as  an  arithmetic  average  between  the  actual  velocity 
and  that  calculated  with  the  kinetic  energy  reduced  by  the  oscillator  energy  increase,  Et  -  Ef  .30' 

32  These  two  simple  corrections  have  proved  to  be  successful  in  bringing  the  FHO-calculated 
vibrational  energy  transfer  rates10,  11  13  into  an  excellent  agreement  with  more  sophisticated 
quantum  calculations21, 22, 24‘26. 

To  model  dissociation,  we  need  to  calculate  probabilities  of  bound-free  transitions.  The 
original  FHO  theory,  strictly  speaking,  cannot  describe  such  transitions.  First  of  all,  the  discrete 
energy  spectrum  of  harmonic  oscillator  extends  to  infinity.  Secondly,  even  for  a  truncated 
oscillator,  calculating  probabilities  of  bound-free  transitions  is  difficult  and  is  not  done  directly 
by  the  FHO  theory.  In  this  work,  we  will  make  use  of  the  fact  that,  when  molecular  vibrations 
are  modeled  by  a  Morse  oscillator  with  the  lowest  vibrational  quantum  and  the  anharmonicity 
constant  equal  to  their  known  spectroscopic  values,  the  depth  of  the  resulting  potential  well 
exceeds  the  experimental  value  of  the  molecule’s  dissociation  energy.  This  fact,  of  course,  means 
that  the  Morse  oscillator  model  is  inaccurate  at  high  vibrational  levels,  but  it  also  gives  an 
opportunity  to  formally  model  dissociation  as  a  bound-bound  transition.  Specifically,  we  will 
consider  transitions  to  any  of  the  Morse  oscillator  quantum  levels  with  energy  equal  to  or  above 
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the  experimental  bond  energy  of  the  molecule  to  be  dissociative.  Obviously,  transitions  to  the 
quantum  levels  with  energies  below  the  experimental  bond  energy,  also  approximated  by  the 
same  Morse  oscillator  throughout  the  present  work,  are  still  interpreted  as  bound-bound 
transitions.  The  choice  of  the  ‘cutoff  bond  energy  is  assumed  to  be  independent  of  the  rotational 
energy  of  the  molecules.  The  parameters  of  the  intermolecular  Morse  potential  used  are  listed  in 
Table  I. 


Table  1.  Morse  potential  parameters 


Nitrogen 

Oxygen 

GOe.  Cm'1 

2359.6 

1580.3 

Xe 

6.1265  10'3 

7.639- 10'3 

D=c0e/4xe,  cm'1 

96,287 

51,718 

Dexp,  cm'1 

78,672 

41,268 

Total  number  of  vibrational  levels,  vo=l/2xe 

81 

65 

Number  of  bound  vibrational  levels  (Ev<Dexp) 

46 

35 

The  total  probability  of  collisional  dissociation  from  vibrational  level  i  is,  therefore,  a 
sum  over  all  final  “dissociative”  Morse  vibrational  levels: 

P-(()=  I  pm(>^  f )  (3) 

EfiD 

where  D  is  the  molecule’s  dissociation  (bond)  energy,  and  the  subscript  “  VRT’  denotes 
vibration-rotation-translation  energy  transfer. 

Similarly,  for  molecule -molecule  (AB-CD)  collisions: 

AB(ix )+CD(i2)->  AB(fl)+  CD(  f2 )  (4) 

the  dissociation  probability  can  be  defined  as: 

P& to  Oi ) =  Pvrt  (A~*  0  (5) 

E^Dab 

As  demonstrated  earlier,11, 12  in  calculating  probabilities  of  vibrational  transitions  in  AB 
molecule  at  high  kinetic  energies  or  temperatures,  vibration-vibration  (W)  exchange  between 
AB  and  CD  can  be  neglected.  Since  this  work  is  devoted  to  high-temperature  dissociation 
processes,  we  will  adopt  this  approximation.  Additionally,  stemming  over  all  possible  vibrational 
states  of  CD  molecule  can  be  performed.  The  FHO  transition  probability  scaling11,  12  is  then 
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similar  to  that  in  the  molecule-atom  case: 


|2 


PyRT  (i,  all-*  f,  all;  Q)  =  /l /!Q*'exp(-Q) 


f  (-l)f  1 

“o  r!(/-r)!(/-r)!  $ 


-  PWT  (/  — >  /;  Q ) 


(6) 


Here  n  =  min(/,  /),  and  Qi=AEIhcih  is  the  dimensionless  energy  (i.e.  the  average  number  of 

quanta)  transferred  to  the  initially  non-vibrating  classical  oscillator  AB  in  an  AB-CD  collision. 

Note  that  in  Refs.  13  and  14,  the  exact  FHO  probabilities  of  Eqs.  (2)  and  (6)  have  been 
reduced  to  the  approximate  analytic  expressions  using  the  asymptotic  behavior  of  the  series  in 
the  right-hand-sides  of  Eqs.  (2)  and  (6)  (e.g.,  see  Ref.  11).  This  permitted  straightforward 
analytic  integration  of  the  transition  probabilities  over  the  collision  energies  and  obtaining  the 
closed-form  analytic  expressions  for  the  state-specific  rate  coefficients  for  vibrational  energy 
transfer.  Since  developing  a  fully  analytic  dissociation  model  is  beyond  the  scope  of  the  present 
work,  we  are  using  the  exact  FHO  scaling  expressions. 


3.  Energy  transfer  to  a  classical  rotating  oscillator  in  3D  collisions:  free-rotation  and 
impulsive  approximations 

From  the  previous  section,  it  is  clear  that  to  evaluate  probabilities  of  vibrational 
transitions,  including  dissociation,  an  energy  transferred  to  a  classical  initially  non-vibrating 
oscillator  has  to  be  calculated.  For  this,  an  adequate  potential  energy  surface  should  be 
determined,  and  then  classical  equations  of  motion  should  be  integrated  for  the  three-  or  four- 
atom  system.  We  will  use  2  approximations  permitting  analytic  solutions. 

3.1  Free-rotation  approximation 

Consider  collisions  between  a  rotating  symmetric  diatomic  molecule  and  an  atom.  For  the 
pairwise  atom-to-atom  interaction  described  by  repulsive  exponential  functions,  the  atom- 
molecule  interaction  potential  can  be  written  as  follows:13, 21'23 

U(R,  r,  0,  <p)  =  2Ae'“*cosh 


ar 


cos#  cos  <p 


(7) 
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where  R  is  the  center-of-mass  distance,  r  is  the  separation  of  atoms  in  a  molecule,  0  is  the 
rotation  angle  (i.e.  the  angle  between  R  and  r),  and  cp  is  the  angular  momentum  vector  (i.e.  the 
angle  between  the  plane  of  rotation  and  the  radius  vector  Ft).  As  in  earlier  work13,  we  will 
assume  that  the  rotation  is  free,  that  is,  neither  the  magnitude  nor  the  direction  of  the  angular 
momentum  vector  change  in  a  collision.  Then  the  classical  trajectory  can  be  found  analytically, 
and  it  is  essentially  an  exponential  function  of  R(t)  modulated  by  the  periodic  rotational  factor. 
The  resulting  expression  for  the  @in  Eq.  (2)  is:13 


Q(E,  e,  y,  0,  (p)  = 


Q  t,  cos2  0  cos2  (p 


40 


sinh2 


7CCO 


airY{£,ti,(p,y) 


(8) 


where  E=Eti+Etoi  is  the  total  collision  energy,  e=EtoiIE,  y=b2/Rm2,  b  is  the  impact  parameter, 
Rm= 2.5  A  is  the  hard-sphere  diameter,  s=\  /-if is  the  number  of  quanta  transferred,  co=\E(-E\\lsTi 


is  the  average  vibrational  quantum  for  the  transition  i->f,  0'  = 


worm  _  hco 
a2k  '  ~~k 


,  6=——,  u  =  yj2E/m , 


m  is  the  collision  reduced  mass,  /Ho  is  the  oscillator  reduced  mass,  2%=m/m0  is  the  ratio  of  the 
collision  and  oscillator  reduced  masses,  and 


y(e,0,<j£),y)  =  max 


(9) 


The  range  of  applicability  of  the  free-rotation  approximation  was  discussed  in  the  earlier 
paper.13  In  the  same  paper,  the  FHO  vibrational  transition  probabilities  calculated  with  this 
approximation  were  found  to  agree  very  well  with  the  full  semiclassical  modeling  using  full 
potential  energy  surface.23 

An  extension  to  3D  molecule-molecule  collisions  with  rotation  is  straightforward.14  The 
potential  energy  can  be  written  as: 


t/(i?,r,0,,<p1,02,<p2)  =  4  AeaR  cosh  I  —  cos  0,  cos  02 


cosh 


ar 


— cosi?2  cos<p2 


(10) 


where  R  is  the  center-of-mass  distance,  r  is  the  separation  of  atoms  in  the  molecules,  are  the 
rotation  angles  (i.e.,  the  angles  between  R  and  each  r),  and  cp*  are  the  angular  momentum  vectors 
(i.e.  the  angles  between  the  planes  of  rotation  and  the  radius  vector  Ft).  Having  calculated  the 
classical  trajectory  in  this  potential,  assuming  the  free  rotation,  the  energy  transfer  parameter  Q 
turns  out  to  be: 14 
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Qk (E,£i,£2t y)  ^ q 


*  „:„u2 


cos2  tiA  cos2  (pk 


auY(eve2,i}l,(pl,^2,(pz,y) 


\k  =  1.2  (11) 


Here  E=Eti+Et0i,\+Et0\.2  is  the  total  collision  energy,  £k=Zwk/£.  y=bz/Rm2,  b  is  the  impact 
parameter,  /?m=2.5  A  is  the  hard  sphere  diameter,  sk=l  is  the  number  of  quanta  transferred, 


o\=  |  %-Fu  I  /-Sk  ^  is  the  average  vibrational  quantum  for  the  transition  4— >4o  0*  = 


,  _  4k  cokm 


Q.  -  — ,  u  =  \l2E/m ,  m  is  the  collision  reduced  mass,  and 
k 


5.Z  Impulsive  (sudden)  approximation 

In  this  approximation,  AB  is  modeled  by  two  hard  spheres,  A  and  B,  connected  by  an 
initially  non-deformed  spring.  Collision  with  an  atom  C,  also  modeled  as  a  hard  sphere,  reduces 
to  a  hard-sphere  collision  of  B  and  C.  The  center-of-mass  kinetic  energy,  AB  rotational  energy, 
and  the  set  of  orientation  angles  at  the  moment  of  collision  fully  define  the  outcome  of  the 
collision.  Applying  energy  and  momentum  conservation,  the  post-collision  component  of  the 
velocity  of  B  atom  along  the  A-B  axis  can  be  determined,  and  the  post-collision  vibrational 
energy  cf  the  AB  molecule  calculated.  Similarly,  AB-CD  collisions  can  be  analyzed  in  the 
assumption  that  only  hard  spheres  B  and  C  collide  directly. 

The  hard-sphere  collision  of  B  and  C  atoms  can  be  treated  as  being  either  “smooth- 
sphere”,  where  the  collision  is  elastic  along  the  line  connecting  centers  of  B  and  C,  with  no 
forces  normal  to  that  line,  or  “rough-sphere”  one,  where  the  collision  is  elastic  along  the  line 
connecting  B  and  C  centers  and  fully  inelastic  perpendicular  to  that  line. 

When,  in  a  collision,  B  atom  receives  a  velocity  increment  Av  along  the  A-B  axis,  the 
initially  non-vibrating  AB  molecule  acquires  vibrational  energy 

AE=2~m  •— j  =  j/n(Av)2 ,  (13) 
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where  m  is  the  mass  of  each  of  the  atoms  A  and  B.  Since,  in  the  present  model,  B  collides 
directly  only  with  C,  it  is  convenient  to  introduce  B  velocity  increments  along  the  B-C  axis,  AvD , 

and  perpendicular  to  the  B-C  axis  and  parallel  to  the  A-B-C  plane,  Avx ,  so  that 

Av  =  Avd  cos  6  +  Avx  sin  6 .  (14) 

Here  6  is  the  angle  between  the  A-B  molecular  axis  and  the  B-C  axis;  6e  [0,  7T  /  2] .  Note  that 
the  B  atom  velocity  increment  component  perpendicular  to  both  B-C  axis  and  A-B-C  plane  does 
not  contribute  to  Av . 

Consider  now  an  AB  C  collision  in  the  AB-C  center-of-mass  system.  Translational 
velocities  of  the  colliding  atoms  B  and  C,  vB  and  vC  (r,  antiparallel  to  each  other,  are  related  to 

the  center-of-mass  kinetic  energy,  Eu  of  the  colliding  pair  by  the  momentum  and  energy 
equations: 

2mvBtr  =  MvCilr ;  2~mzBtr+^m2ctr  =  Et,  (15) 

where  Mis  the  mass  of  C  atom.  The  direction  of  vg  ^  and  vc  can  be  characterized  by  a  ,  the 

angle  between  the  velocity  of  the  C  atom  (in  the  AB-C  center-of-mass  system)  and  the  B-C  axis, 
and  by  (p ,  the  angle  between  vB  ^  or  vc  ^  and  the  straight  line  parallel  to  the  A-B-C  plane  and 

normal  to  the  B-C  axis.  The  intervals  of  variation  of  these  angles  are:  a  e  [0,7r  /  2]  and 
(pe  [x/2-a,  n-a\. 

\ 

Additionally,  atom  B  h?''  a  rotational  velocity,  \B  wt ,  whose  magnitude  can  be  expressed 
in  terms  of  the  initial  rotational  energy  of  AB,  Er: 

2\™\.rot  =  Er>  (16) 

and  whose  direction  (obviously,  normal  to  the  A-B  axis)  can  be  characterized  by  the  angle  (5 
between  \  B  nt  and  the  B-C  axis;  [5e[n  12-6,  n/2  +  0]. 

Considering  an  elastic  collision  of  B  and  C  atoms  along  the  B-C  line,  from  the  energy 
and  momentum  conservation  equations  we  obtain: 

,  2M  n  x  2M 

AVo  =  m T^Wv-+v-)cosa+v-'cos^J=l7T^ 


( M+2m)E ; 
'  Mm 


cosa  + 


IK 

V  m 


cosj3 


(17) 
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Here  we  expressed  velocities  v£ ,M,  \B  tr,  and  \C  tr  through  the  energies  Er  and  Et  according  to 


equations  (15)  and  (16).  Since  in  the  smooth  spheres  case  Avx  =  0,  substituting  Eqn.  (17)  into 
Eqn.  (14),  and  inserting  the  result  into  Eqn.  (13),  we  obtain  the  energy  transferred  to  the  initially 
non-vibrating  oscillator  in  the  smooth  spheres,  molecule-atom  case: 


M 

M  +  m 


(M+2m)E,  r-  n  |  „ 

- —cosa  +  *iErcosB  cosd 

M  v  r  H 


In  the  rough  spheres  case,  one  needs  to  calculate  projections  of  all  velocities  of  B  and  C 
atoms  onto  an  axis  perpendicular  to  the  B-C  line  and  parallel  to  the  A-B-C  plane.  Then,  from  the 
energy  and  momentum  equations  for  an  absolutely  inelastic  collision  of  B  and  C  atoms  along 
that  axis,  one  obtains: 

Avx  =  - <r  +  V,  tr)  C0S(p  -  v,  ml  cos  P  cos  9  /  sin  0  ]  (19) 

Expressing  velocities  vB  wt ,  \B  and  vc  u  through  the  energies  Er  and  E,  according  to  equations 

(15)  and  (16),  then  substituting  Eqns.  (17)  and  (19)  into  Eqn.  (14),  and  inserting  the  resulting 
formula  for  Av  into  Eqn.  (13),  we  obtain  the  energy  transferred  to  the  initially  non-vibrating 
oscillator  in  the  rough  spheres,  molecule-atom  case: 

f  r  i - —  Tl2 

AE  =  |  j  ■  ^  cos  a  cos  6  +  cos  (p  sin  6 )  +  -JWr  cos  p  cos  9  >  .  (20) 


Similar  derivations  can  be  performed  for  molecule-molect'b  collisions.  When  writing  energy  and 
momentum  conservation  equations  for  B-C  collisions,  additional  (compared  with  the  molecule- 
atom  case)  C  atom  velocity  components,  corresponding  to  rotational  and  vibrational  motion  of 
CD  molecule,  have  to  be  included,  leading  to  additional  terms  in  equations. 

In  the  molecule-molecule,  smooth  spheres  case: 


M 

M  +  m 


( M  +  m)E ’ 
M 


cosa  +  JWr  cos  p  + ,/—  E'v  cos  77  cosy,  + 
V  M 


Ercosy2  cosd  (21) 


Here,  of  course,  we  consider  AB-CD  collisions,  with  B  and  C  atoms  actually  colliding.  The  mass 
of  each  of  the  atoms  C  and  D  equals  M  Ev  and  J?’ are  the  pre-collision  vibrational  and  rotational 
energies  of  the:  CD  molecule.  Arguments  of  the  new  cosines  are:  77  -  the  phase  of  CD  oscillations 
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in  the  moment  of  collision,  y,  -  the  angle  between  B-C  and  C-D  axes,  and  y2  -  the  angle 
between  the  rotational  velocity  of  C  atom  and  the  B-C  axis.  The  intervals  of  variation  of  the  new 
arguments  are: 

77  e  [0,  2k\,  y,e  [0,  n\, 

y2e  [Tr/2-y,,  7r/2  +  y,],  if  y,e[0,  tt/2],  (22) 

e[y,-;r/2,  3x/2-  y,],  if  yle(n/2,  n\ 

In  the  molecule-molecule,  rough  spheres  case: 


1  M 


2  M  +  m 


^^S(2cosacos0  +  cos(psin0) 

+ SEr  cos  /J  cos  0  +  J—  Ev  COS77  (2  cos  y,  cos  0  +  cos  <p,  sin  6 ) 
V  M 

+ K(  2  cos  y2  cos  6  +  cos  (p2  sin  6 ) 


(23) 


The  new  angles,  (p{  and  <p2 ,  are  the  angles  between  vectors  of  vibrational  and  rotational  velocity, 
respectively,  of  C  atom  and  the  straight  line  parallel  to  the  A-B-C  plane  and  perpendicular  to  the 
B-C  axis.  The  intervals  of  their  variation  are: 

9>i€  [Tr/2-y,,  7r/2  +  y,],  if  yx e  [0,  tt/2], 
e  (y, -tt/2,  Znl2-yx\  if  y,€  (/r/2,  7r] 

and 

<p2e[;r/2-y2,  7tl2  +  y2],  ify2e[0,  k/2], 

€ (y2-7r/2,  3n/2 -y2],  ifyze(x/2,  n ] 


4.  Dissociation  probabilities,  cross  sections,  and  rate  coefficients 

Formulas  (8),  (9),  (11),  (12),  and  (18)-(24)  for  Q  and  A E,  when  inserted  into  FHO 
scaling  formulas  (2)  and  (6),  give  sets  of  state-to-state  transfer  probabilities.  Summing  over  the 
final  states  according  to  Eqs.  (3)  and  (5),  dissociation  probabilities  are  found  as  functions  of 
vibrational,  rotational,  and  translational  energies,  and  of  the  set  of  angles.  Integrating  over  the 
angles,  and  assuming  rotational-translational  equilibrium  with  temperature  T,  gives  the 
dissociation  cross  section  as  a  function  of  vibrational  quantum  number  i,  total  (translational  plus 
rotational)  collision  energy  E,  and  the  temperature  T. 
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The  dissociation  cross-section  for  molecule-atom  collisions  in  the  free-rotation 
approximation  is: 31 

Kh2  n2  1  JT  ^  J+J  *  * 


£  hi?  I  ‘u<2J+l)f  *1*1* »[«■¥ 


~7tFt 


(Ei  1  1  1  * 


(25) 


— j  dyj dej ddj d(p ■  £ (£ ,  e,  0,  <p,  y) 
^  0  0  0  0  f 


where  I  is  the  moment  of  inertia  of  the  AB  molecule.  For  molecule-molecule  collisions  in  the 

•  32 

free-rotation  approximation: 


k  2  An 


°^E^--ErTmwJ  rf,(2,+1)I «(y +1)T  * (2i +1) 

~  J  r/0,J  <ApJ  dd2]  d(p2^Pir 

*  0  0  0  0  ^ 

-4j <//J ctej cfej 00,  J d(p”j 002J d(p2 

K1  )  K  oo  o  o  o  o  o 

>£2>0,><Pi>02»*P2  ’  y) 


(26) 


where  7,and  /2are  the  moments  of  inertia  of  AB  and  CD  molecules,  respectively.  Similar 
formulas  can  be  written  for  the  impulsive  approximation.  In  Eqs.  (25)  and  (26),  the  rigid  rotor 
approximation  has  been  used.  The  limits  of  integration  over  the  angular  momenta  in  Eqs.  (25) 
and  (26)  are  determined  from  the  condition  that  the  cross  section  is  evaluated  at  the  constant  total 
energy  E  of  the  classical  degrees  of  freedom  (i.e.  the  sum  of  translational  energies  of  the  radial 
and  the  orbital  motion  and  the  rotational  energies,  E=Erad+Eorb  +Erot,k)  • 3 1 '  32  The  approximate 
integration  forms  in  the  right-hand  sides  of  Eqs.  (25)  and  (26)  are  obtained  by  replacing 
integration  over  the  rotational  and  orbital  angular  momenta  by  integration  over  the  dimensionless 
rotational  energies,  e^Et^ylE,  and  the  dimensionless  impact  parameter  y=b2/Rm2.  In  this 
procedure,  replacing  the  appropriate  integration  limits  for  and  y  by  unity  does  not  significantly 
affect  the  integration  accuracy  since  the  dissociation  cross  section,  Odiss,  was  found  to  steeply 
drop  both  at  the  high  values  of  rotational  energies  and  the  impact  parameter  (i.e.  at  the  low 
values  of  the  translational  energy  of  the  radial  motion). 

In  this  work,  cross-sections  were  calculated  at  60  values  of  total  collision  energy  in  the 
range  103-106  cm1.  For  each  total  collision  energy  E,  1000  randomly  picked  phase  space  points 
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were  used  for  evaluation  of  multi-dimensional  cross-section  integral.  Previous  calculations  using 
this  approach  by  Billing24, 25  showed  that  the  use  of  only  100-400  phase  space  points  is  sufficient 
to  obtain  a  20-30%  confidence  in  the  averaged  cross  sections.  In  the  present  calculations,  the  use 
of  1000  phase  space  points  allows  about  10-20%  accuracy  in  the  cross  sections.  To  account  for 
the  oscillator  reaction  on  the  classical  trajectory,  or,  in  other  words,  to  enforce  the  detailed 
balance,  a  symmetrization  procedure31,  32  was  used,  whereby  the  effective  energy  U  was 
substituted  for  E,  corresponding  to  the  arithmetically  averaging  velocity  before  and  after 
collision: 


AE,(AEr)\ 


E^=AE,/4 


Averaging  the  dissociation  flux  over  Maxwellian  energy  distribution  gives  vibrational 
state-specific  dissociation  rate  coefficient  (vis  the  vibrational  quantum  number): 31, 32 

kT'in°°r  (  LM  (U\ 

k-^vJ)=  \°«*(v.U,Tyxf  ~  d  £  (28) 

\nm)  0  T J  l T 

The  integral  in  Eq.  (28)  is  evaluated  numerically  by  the  RATECONS  procedure31  using 
all  60  values  of  the  cross  sections  given  by  Eqs.  (25)  and  (26).  The  estimated  accuracy  of 
numerical  integration  is  about  10%.  Further  averaging  of  the  state-specific  rate  coefficients  over 
the  vibrational  energy  mode  distribution  function  would  give  the  total  dissociation  rate 
coefficient.  In  the  present  work,  this  is  done  for  both  nonequilibrium  and  equilibrium  vibrational 
mode  energy  distributions.  In  both  cases,  the  energy  distributions  are  assumed  to  be  Boltzmann 
with  vibrational  temperature  Tv  and  the  gas  temperature  T,  respectively.  In  the  latter  case,  the 
thermal  dissociation  rate  constant  is  obtained. 


5.  Results  and  discussion 

To  check  the  difference  between  vibrational  energy  transfer  predicted  by  free-rotation 
and  impulsive  approximations,  the  parameter  Q=AEIho) ,  averaged  over  collision  angles,  was 
calculated  for  (VAr  and  O2-O2  collisions  and  plotted  in  Fig.  1  (a,  b)  as  a  function  of  the  total 
(translational  plus  rotational)  collision  energy.  In  all  free-rotation  calculations  done  in  this  work, 
the  parameters  of  the  exponential  repulsive  potential  of  Eq.  (7)  were  taken  to  be 
a  =  4.0  x10s  cnf 1 ,  which  is  the  commonly  accepted  number  for  nitrogen  and  oxygen,10'13, 23, 24 
and  A=1730  eV.24  As  seen  in  Fig.  1  (a,  b),  there  is  virtually  no  difference  between  smooth  and 
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rough  sphere  impulsive  approximations.  At  very  high  energies,  free -rotation  and  impulsive 
approximations  converge  to  close  asymptotics,  which  is  physically  reasonable  and  provides  a 
consistency  check.  At  moderate  and  low  energies,  the  impulsive  approximation  is  seen  to 
overpredict  the  energy  transfer  by  orders  of  magnitude.  Again,  this  could  be  expected,  since  in 
the  impulsive  approximation  collision  duration  is  assumed  to  be  much  shorter  than  the 
vibrational  period,  while  low-’/elocity  collisions  last  much  longer  than  the  period  of  vibrations, 
thus  reducing  the  efficiency  of  energy  transfer. 

Fig.  2  (a,  b)  shows  the  dissociation  probability  from  ground  vibrational  state  versus  total 
collision  energy.  Similar  to  Fig.  1,  free-rotation  and  impulsive  results  are  close  to  each  other  at 
high  energies,  while  at  low  energies  impulsive  approximation  predicts  an  excessively  high 
dissociation  probability. 

An  important  step  in  validating  any  dissociation  model  is  to  compare  predicted 
dissociation  rates  in  thermal  equilibrium  with  experimental  data.  Strictly  speaking,  this  would 
require  full  master  equation  modeling,  with  dissociation,  recombination,  and  energy  transfer 
processes  all  taken  into  account.  Such  modeling  can  be  done  using  the  newly  derived 
dissociation  rates  and  FHO-based  vibrational  energy  transfer  rates,10,  n’  13, 14,  16  similar  to  the 
modeling  performed  earlier.11, 12, 16  However,  such  modeling  is  beyond  the  scope  of  this  work. 
For  the  first-cut  comparison,  in  this  work  we  calculated  thermal  dissociation  rates  for  nitrogen 
and  oxygen  assuming  the  equilibrium  Boltzmann  vibrational  energy  distribution  function.  Of 
course,  if  atom-atom  recombin? tion  is  weak,  the  irreversible  dissociation  would  depopulate  very 
high  vibrational  states,  reducing  the  dissociation  rate  by  perhaps  a  factor  of  2-3.1, 7’ 33  If,  on  the 
other  hand,  recombination  is  significant,  highly  excited  states  would  be  close  to  equilibrium. 
Thus,  a  caution  is  needed  when  comparing  computed  thermal  dissociation  rates  with 
experiments,  as  the  degree  to  which  highly  excited  states  were  close  to  thermal  equilibrium  in  a 
specific  experiment  is  often  not  clear. 

In  Fig.  3,  a  comparison  with  the  dissociation  rate  inferred  from  shock  tube  measurements 
is  shown  for  CVAr  collisions.  Both  free-rotation  and  impulsive  energy  transfer  models  in 
conjunction  with  FHO  scaling  give  an  excellent  agreement  with  experiments  in  a  very  wide 
temperature  range,  especially  considering  that  the  experimental  fit  has  an  uncertainty  range 
within  a  factor  of  2-3.  The  agreement  of  the  impulsive  model  with  both  experimental  data  and 
free-rotation  predictions  may  seem  somewhat  surprising.  The  explanation  lies  in  the  fact  that  at 
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thermal  equilibrium  the  dissociation  proceeds  chiefly  from  very  high  vibrational  levels,  close  to 
the  dissociation  threshold.  This  is  well  known  from  the  literature,7  and  is  confirmed  in  our 
calculations  (see  below).  Since  spacing  between  vibrational  levels  is  very  small  near  the 
dissociation  threshold,  the  Massey  parameter,7  that  is,  the  product  of  vibrational  frequency  and 
the  collision  duration,  is  small  even  for  particles  moving  with  mean  thermal  velocity.  This  means 
that  most  dissociative  collisions  at  thermal  equilibrium  can  be  adequately  described  in  the 
impulsive  approximation. 

Figure  4  shows  calculated  and  experimental  thermal  dissociation  rate  coefficients  in 
oxygen.  One  can  see  that  both  models  somewhat  underpredict  the  dissociation  rate  compared  to 

the  experimental  data,  2.2  x  1016  exp  (-59380  /  7’)[  1  -  exp  (-2240  /  T)]  cm 3  /  (mole  ■  s) .  38, 39  The 

impulsive  model,  which  provides  for  more  efficient  rotational  energy  transfer  into  the 
dissociating  bond  than  the  free-rotation  model  does,  appears  to  be  closer  to  experiments  in  this 
case.  It  is  also  instructive  to  consider  the  ratio  of  thermal  dissociation  rate  coefficients  in  O2-O2 
and  (VAr  collisions.  Both  free-rotation  and  impulsive  models  predict  the  ratio  to  be  about  3  and 
to  depend  on  temperature  very  weakly.  That  molecule-molecule  collisions  are  more  effective 
than  molecule-atom  ones  demonstrates  the  role  of  rotational  energy  in  dissociation  and  is 
qualitatively  consistent  with  theoretical  expectations.7  Nikitin7  argued  that  the  vibrational  energy 
E*,  that  approximately  separates  the  regions  of  single-quantum  and  multiquantum  (including 
bound-free)  transitions  is  determined  by  the  criterion  that  the  Massey  parameter  calculated  with 
vibrational  frequency  at  the  energy  level  E*  be  of  die  order  of  unity.  On  the  basis  of  this 
criterion,  Nikitin7  estimated  reduction  in  E*  due  to  efficient  transfer  of  rotational  energy  of  the 
non-dissociating  molecule  into  vibrational  mode  of  the  highly-excited  dissociating  molecule  and 
predicted  the  ratio  of  thermal  dissociation  rate  coefficients  in  O2-O2  and  02-Ar  collisions  to  be 
about  10-20,  independent  of  temperature.  Experimental  data  quoted  by  Stupochenko,  Losev,  and 
Osipov,33  specifically,  O2-O2  data34"36  and  02-Ar  data37  seem  to  indicate  that  the  dissociation  rate 
ratio  decreases  from  30-40  at  3500  K  to  about  5-10  at  7000  K.  Since  at  thermal  equilibrium 
dissociation  in  both  O2-O2  and  02-Ar  collisions  is  determined  by  the  processes  at  very  high 
vibrational  states,  one  possible  reason  for  the  less  than  perfect  agreement  between  our 
predictions  and  the  experiment  could  be  an  error  introduced  by  modeling  the  highly  excited 
states  by  Morse  oscillator.  Further  refinement  of  the  theoretical  model,  especially  with  regard  to 
the  energy  spectrum  at  high  vibrational  levels,  would  clarify  the  issue.  However,  experimental 
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data  of  different  authors  also  have  to  be  treated  with  caution.  For  example,  Losev  et.  al .,4' 5  38 
based  on  experimental  data  of  Losev  and  Shatalov,39  recommend  the  dissociation  rate  value  of 

2.2  x  1016  exp  (-59380/  r)[l  -  exp  (-2240/  7)]  cm3 /(mole- s)  for  02-02  collisions.  Together 

with  the  02-Ar  rate  6.0 xlO13 (59380/ T) exp (-59380 IT)  cm3/ (mole- s)  of  Camac  and 

Vaughan,37  this  would  give  the  ratio  of  thermal  dissociation  rate  coefficients  in  02-02  and  02-Ar 
collisions  of  about  10,  weakly  dependent  on  temperature  (see  Fig.  4).  Considering  the  fact  that 
both  rates  are  known  within  a  factor  of  3  at  best,  this  would  mean  a  reasonably  good  agreement 
between  our  model  and  experiments.  A  detailed  analysis  of  the  experiments  quoted,  as  well  as 
further  shock-tube  experimental  studies,  could  be  helpful  in  developing  a  better  understanding  of 
dissociation  processes. 

Figures  5  and  6  depict  calculated  and  experimental  thermal  dissociation  rate  coefficients 
for  N2-Ar  and  N2-N2  collisions.  As  seen  from  the  figures,  the  agreement,  within  a  factor  of  2-3 
experimental  uncertainty,  is  uniformly  excellent  over  the  wide  temperature  range.  Interestingly, 
the  calculated  ratio  of  the  thermal  dissociation  rate  coefficients  for  N2-N2  and  N2-Ar  collisions  is 
about  3,  weakly  changing  with  temperature,  which  is  in  a  very  good  agreement  with 
experiments. 

As  is  well  known,1,  3'  4'  33  rotational  relaxation  behind  shocks  is  quite  fast,  while 
vibrationai  relaxation  is  much  slower.  Thus,  dissociation  rate  coefficient  as  a  function  of 
vibrational  energy  and  translational-rotational  temperature  is  quite  useful  for  shock  modeling. 
When  averaged  over  nonequilibrium  vibrational  distribution,  such  vibrational  P..ergy-dependent 
rate  coefficient  could  be  converted  into  a  two-temperature  rate  coefficient  k(Tv,T) .  The 

calculated  vibrational  energy-dependent  rates  normalized  by  the  dissociation  rate  from  the 
uppermost  vibrational  level  at  several  temperatures  are  shown  in  Fig.  7  for  N2-Ar  collisions. 
Very  steep  exponential  increase  of  the  rates  with  vibrational  energy  is  clearly  seen.  Perhaps  more 
informative  is  Fig.  8,  where  the  rates  from  Fig.  7  have  been  multiplied  by  the  equilibrium 
Boltzmann  factor  fE  =  exp  (-EJT) .  The  plotted  quantity,  therefore,  represents  contributions  of 

various  vibrational  states  to  the  total  thermal  dissociation  rate.  As  expected  from  theory,7  the 
principal  contributibn  to  thermal  dissociation  comes  from  states  with  vibrational  energy  close  to 
the  dissociation  threshold. 
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The  plot  in  Fig.  8  is  helpful  in  understanding  the  degree  of  preferentiality  of  dissociation. 
The  well-known  Marrone-Treanor  model3  assumes  that  the  probability  of  dissociation  from 
vibrational  state  with  energy  Ev  becomes  non-zero  when  translational  collision  energy  exceeds 
the  threshold  ( D-Ev ),  and  that  there  is  an  additional  exponential  increase  of  the  probability 
with  vibrational  energy,  so  that  the  vibrational  energy-dependent  rate  is  proportional  to 

(  D- E  \  (  D-E  \ 

km(Ev,T)~ex p - — ^  exp  — — -t  (29) 

V  1  )  \um) 

where  the  empirical  parameter  Um  is  a  measure  of  preferentiality  of  the  dissociation  from  higher 
vibrational  states.  The  smaller  Um,  the  more  preferential  dissociation  is,  while  Um  =  °o 
corresponds  to  non-preferential  dissociation.  Multiplying  the  Marrone-Treanor  rate  [Eq.  (29)]  by 
the  Boltzmann  factor  exp  (-£,,/  T),  normalizing,  and  plotting  the  product  in  a  semi-logarithmic 

scale  would  give  a  linear  function  of  vibrational  energy,  with  the  slope  determining  the 
preferentiality  parameter.  In  Fig.  8  that  shows  such  a  plot,  the  free-rotation  approximation  is  seen 
to  predict  dissociation  rates  that  are  very  preferential  towards  higher  vibrational  states.  However, 
interpreting  the  rates  in  terms  of  a  single  constant  parameter  Um  is  quite  difficult.  First,  the 
functions  plotted  in  a  semi-logarithmic  scale  in  Fig.  8  deviate  substantially  from  linearity. 
Second,  slopes  of  the  curves  at  each  vibrational  energy  seem  to  decrease  with  increasing 
temperature,  so  that  the  effective  parameter  Um  would  increase  with  temperature,  making 
dissociation  less  preferential  at  higher  temperatures.  The  impulsive  model,  as  seen  in  Fig.  8, 
gives  rates  that  are  less  preferential  than  those  given  by  the  free-rotation  model,  so  that  at  very 
high  temperatures  the  impulsive-model  rates  are  virtually  non-preferential. 

Finally,  the  new  model  was  tested  against  experimental  data  on  nonequilibrium 
dissociation  of  nitrogen.  Losev  et.  al4' 5’ 38  42  have  measured  both  vibrational  and  translational- 
rotational  temperatures,  and  the  nonequilibrium  factor  kfTv,T)/k(T),  i.e.  the  ratio  of 
nonequilibrium  and  thermally-equilibrium  dissociation  rates,  has  been  inferred  from  shock-tube 
experiments.  In  Ref.  38,  the  best  fit  to  the  measured  nonequilibrium  factor  is  obtained  using  a 
two-temperature  dissociation  model 4|  5, 


k{Tv,T)  _l-exp(-0/7;)  T  D-pkT(  1  1 Y 

k(T)  ~  l--exp(-0/D  CXP[  k  [r,  Tj 


(30) 


84 


with  (5=3.  In  Eq.  (30),  0=3353  K  is  the  characteristic  vibrational  temperature  of  N2.  As  shown  in 
Fig.  9,  the  present  model  agrees  well  with  the  data  inferred  from  the  experiments  (Eqn.  (30)  with 
p=3),  considering  that  the  latter  are  known  within  a  factor  of  2-3.  The  theoretical  two- 
temperature  dissociation  rate  k(Tv,T)  shown  in  Fig.  9  is  obtained  by  averaging  the  state-specific 
rates  k(Ev,T)  over  the  nonequilibrium  Boltzmann  distribution  over  the  vibrational  mode  energy, 
with  the  vibrational  temperature  Tv.  Note  that  Figs.  8  and  9  plot  two  essentially  different 
characteristics  of  the  dissociation  process.  Particularly,  Fig.  8  shows  the  relative  contribution  of 
each  vibrational  level  into  the  overall  dissociation  rate  at  thermal  equilibrium, 
k(Ev,T)feq(Ev,T)/k(T),  where  feq(Ev,T)  is  the  equilibrium  relative  population.  On  the  other  hand, 
Fig.  9  shows  the  sum  of  contributions  of  all  vibrational  levels  into  the  overall  dissociation  rate  at 
nonequlibrium  conditions,  at  TV<T.  In  fact,  only  the  asymptotic  limit  of  the  ratio  k(Tv,T)/k(T)  at 
Tv->0,  plotted  in  Fig.  9  shows  the  relative  contribution  of  vibrational  level  v=0  alone,  i.e. 
k(Ev=0,T)/k(T). 

6.  Conclusions 

The  new  semiclassical  theory  of  dissociation  of  diatomic  molecules,  suggested  in  this 
work,  is  based  upon  an  anharmonicity-corrected  and  energy-symmetrized  Forced  Harmonic 
Oscillator  (FHO)  quantum  scaling  in  conjunction  with  free-rotation  or  impulsive  energy-transfer 
models.  Although  the  theory  is  not  fully  analytical,  it  is  computationally  simple,  and  it  can 
predict  both  state-specific  and  thermal  dissociation  rates,  explicitly  accounting  for  molecular 
rotation  and  three-dimensional  collisions,  without  any  adjustable  parameters. 

Calculated  thermal  dissociation  rates  of  nitrogen  and  oxygen  are  in  excellent  agreement 
with  shock-tube  data  over  a  wide  temperature  range.  Agreement  with  experimental  data  on 
nonequilibrium  dissociation  of  nitrogen  is  also  quite  good. 

Predicted  vibrational  energy-dependent  rates  show  that  dissociation  from  very  high 
vibrational  states  is  strongly  favored  in  the  free-rotation  approximation.  However,  the 
preferential  nature  of  dissociation  is  difficult  to  interpret  in  terms  of  a  single  Marrone-Treanor 
parameter  Umt,  as  this  parameter  would  be  vibrational  energy  dependent  and  increase  with 
temperature.  The  impulsive  approximation  for  energy  transfer  results  in  dissociation  rates  with 
relatively  little  preference  for  high  vibrational  states. 
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A  possible  future  refinement  of  the  theory  would  involve  using  a  more  sophisticated  and 
precise  energy  spectrum  of  highly  vibrationally  excited  molecules.  For  practical  application  in 
CFD  or  DSMC  analyses,  the  theory  could  be  used  to  either  generate  a  set  of  tabulated  rates  or  to 
develop  simple  interpolation  formulas. 
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Fig. la,  b.  Average  number  of  quanta  transferred  to  initially  non-vibrating  oxygen  molecule  versus  total 
collision  energy,  as  given  by  impulsive  and  free-rotation  models,  (a)  02-Ar  collisions;  (b)  O2-O2 
collisions 
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Fig.  2  a,  b.  Probability  of  oxygen  molecule  dissociation  from  the  ground  vibrational  state  versus  total 
collision  energy,  as  calculated  with  impulsive  and  free-rotation  models,  (a)  (VAr  collisions;  (b)  O2-O2 
collisions 
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Fig.  3.  Computed  and  inferred  from  experiments37  thermal  dissociation  rate  constant  for  oxygen 
diluted  in  argon 
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Fig.  5.  Calculated  and  experimental40  nitrogen  thermal  dissociation  rates  in  N2-Ar  collisions  versus 
temperature. 
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Fig.  6.  Calculated  and  experimental41  thermal  dissociation  rate  of  nitrogen  in  N2-N2  collisions 
versus  temperature. 
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Fig.  7.  Calculated  state-specific  dissociation  rates  in  N2-Ar  collisions,  normalized  by  the  dissociation 
rate  from  the  uppermost  vibrational  level. 


Fig.  8.  Calculated  state-specific  dissociation  rates  in  N2-Ar  collisions,  multiplied  by  the  Boltzmann 
population  factor  and  normalized  by  the  thermal  dissociation  rate. 
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CHAPTER  IV. 

TIME-RESOLVED  FOURIER  TRANSFORM  INFRARED  SPECTROSCOPY 
OF  OPTICALLY  PUMPED  CARBON  MONOXIDE 


1.  Introduction 

Nonequilibrium  vibrational  kinetics  of  diatomic  and  small  polyatomic  molecules  has 
been  a  focus  of  attention  for  many  years  in  gas  discharge  plasmas,  molecular  lasers,  upper 
atmosphere  chemistry,  and  gas  dynamic  flows  [1,2].  The  rate  of  energy  transfer  between  the 
vibrational  molecular  modes  and  the  "external"  modes  of  rotation  and  translation  is,  in  particular, 
a  determining  process  in  many  high  enthalpy  fluid  environments.  The  details  of  the  actual 
distribution  of  energy  among  the  vibrational  quantum  states  is  important  in  a  more  restricted 
range  of  problems,  but  is  certainly  key  in  non-thermal  plasma  chemical  reactor  design,  in 
predicting  radiation  from  supersonic  nozzle  expansions,  and  in  the  design  of  a  variety  of 
molecular  gas  lasers  [3].  This  energy  distribution  is  primarily  controlled  by  vibration-to-vibration 
(V-V)  energy  exchange  processes  [4,5], 

AB{v)  +  AB(w-  k)  AB{v-  k)  +  AB{Wj ,  (1) 

which  for  a  broad  range  of  parameters  are  known  to  be  much  faster  than  vibration-to-translation 
(V-T)  relaxation, 


AB{v)  +  M  — »  AB(v-  k)  +  M . 


(2) 


In  Eqs.  (1,2),  AB  and  M  stand  for  diatomic  molecule  and  atom,  respectively,  v  and  w  are 
vibrational  quantum  numbers,  k  is  the  number  of  quanta  transmitted  in  a  collision.  The  rates  of 
the  near-resonance  V-V  exchange  processes  of  Eq.  (1)  among  the  high  vibrational  quantum 
levels  (v~w,  v,w»l)  are  of  particular  importance,  since  molecules  on  the  high  vibrational  levels 
can  also  participate  in  nonequilibrium  chemical  reactions,  as  well  as  produce  electronic 
excitation  and  ionization.  In  particular,  the  vibration-to-electronic  (V-E)  processes,  in  which 
energy  is  transferred  from  highly  vibrationally  excited  levels  of  the  ground  electronic  state  to  a 
low-lying  excited  electronic  state,  with  subsequent  ultraviolet  and  visible  band  radiation,  have 
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been  observed  in  optical  pumping  experiments  in  both  CO  [6-8]  and  NO  [9,10].  Ionization  in 
collisions  of  two  vibrationally  excited  CO  molecules  pooling  their  energies  together  has  been 
studied  in  [11,12].  Predictive  analysis  of  kinetics  of  these  energy  transfer  processes,  coupled  to 
the  high  vibrational  level  populations,  require  precise  knowledge  of  the  V-V  rates. 

The  present  work  addresses  recent  measurements  of  the  V-V  rates  in  strongly 
vibrationally  excited  carbon  monoxide.  The  V-V  rates  for  CO-CO  have  previously  been 
measured  using  a  variety  of  spectroscopic  techniques  (see  [6]  and  references  therein),  including 
experiments  by  Brechignac  and  co-workers  [13-15]  and  DeLeon  and  Rich  [6]  who  inferred  the 
near-resonance  V-V  rates  up  to  v<29  and  v<35,  respectively.  The  main  advantage  of  the  present 
study  over  the  previous  experiments  is  the  use  of  time-resolved  step-scan  Fourier  transform 
infrared  (FTIR)  emission  spectroscopy.  Step-scan  FT  spectrometers,  such  as  the  system  used  in 
the  present  study,  have  become  available  only  relatively  recently.  These  instruments  provide  the 
ability  to  record  emission  spectra  in  a  broad  wavelength  range  with  high  time  resolution.  The 
time  resolution  is  limited  by  the  response  time  of  the  detector  system  and  data  acquisition 
capabilities.  In  the  present  study,  a  fast  response  InSb  detector  with  a  high  bandwidth  DC 
preamplifier  allows  time  resolution  of  up  to  a  few  nanoseconds.  In  other  words,  instead  of 
measuring  the  time-dependent  emission  signal  in  a  narrow  wavelength  range,  the  population  of 
each  radiating  vibrational-rotational  state  can  be  monitored  simultaneously.  The  step-scan 
technique  requires  a  repetitively  pulsed  experiment,  which  is  arranged  in  the  present  study;  note 
that  the  technique  could  not  be  used  for  single-pulse  experiments,  such  as  in  shock  tunnels.  An 
emission  experiment  is  advantageous  with  this  instrument,  since  absorption  spectroscopy 
introduces  noise  complications  from  the  incident  absorption  source.  In  addition,  FT 
spectrometers  provide  throughput  and  multiplex  advantages  compared  to  conventional  narrow- 
slit  monochromators,  improving  the  signal-to-noise  ratio  at  high  spectral  resolution.  Step-scan 
FT  spectroscopy  has  been  recently  used  to  study  energy  transfer  in  vibrationally  excited  N02 
[16,17]. 

Thus,  in  the  present  study,  the  time  evolution  of  all  vibrational  states  populated  by  the  V- 
V  processes  up  to  extreme  vibrational  disequilibrium  can  be  monitored  simultaneously. 

2.  Experimental  Setup 


95 


Fig.  1  shows  a  schematic  of  the  experimental  setup  for  the  study  of  vibrational  energy 
transfer  in  CO.  A  carbon  monoxide  laser  is  used  to  irradiate  a  gas  mixture  of  CO  and  Ar,  which 
is  slowly  flowing  through  the  pyrex  glass  optical  absorption  cell  shown.  The  residence  time  of 
the  gas  mixture  in  the  cell  is  about  1  sec.  The  liquid  nitrogen  cooled  CO  laser  was  designed  in 
collaboration  with  the  University  of  Bonn  and  fabricated  at  Ohio  State.  It  produces  a  substantial 
fraction  of  its  power  output  on  the  v  =  1— >  0  fundamental  band  component  in  the  infrared.  The 
laser  can  operate  at  more  than  100  W  continuous  wave  (c.w.)  power.  However,  in  the  present 
experiment,  the  laser  is  typically  operated  at  10  W  c.w.  broadband  power  on  the  lowest  ten 
fundamental  bands,  with  up  to  ~0.3  W  on  the  v  =  l->  0  component  (see  Table  1).  The  output  on 
the  lowest  bands  (l->  0  and  2— >  1)  is  necessary  to  begin  the  absorption  process  in  cold  CO 
(initially  at  300  K)  in  the  cell. 


Table  1.  CO  laser  spectrum 


Laser  line 

Power,  W 

1— >0  P(15) 

0.29 

2— >1  P(15) 

0.62 

2— >1  P(16) 

0.57 

3-»2  P(14) 

0.79 

3— >2  P(15) 

1.52 

4— >3  P(13) 

0.31 

4-»3  P(14) 

1.14 

4— >3  P(15) 

0.80 

-5— >4  P(13) 

0.24 

5— >4  P(14) 

6.95 

5— >4  P(15) 

0.35 

6— >5  P(12) 

0.42 

6— >5  P(13) 

0.20 

6->5  P(14) 

0.56 

7->6  P(12) 

0.32 

7— >6  P(13) 

0.44 

8— >7  P(12) 

0.45 

9— >8  P(ll) 

6.13 

9-»8  P(12) 

0.10 

10— >9  P(10) 

0.05 

10-»9  P(12) 

0.09 
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The  present  use  of  CO  laser  pumped  absorption  cells  to  study  the  V-V  process  is  a  further 
development  of  a  technique  with  a  considerable  literature  [6-11,18]. 

In  the  time-resolved  experiments,  intended  to  obtain  a  more  precise  measurement  of  the 
mechanism  and  rates  of  the  V-V  exchange  processes,  the  laser  beam  is  interrupted  by  a 
mechanical  chopper,  giving  a  nearly  square  wave  input  of  laser  power  to  the  cell  (see  Fig.  2). 
After  the  laser  is  turned  on,  the  lower  states,  v  <  10,  are  populated  by  direct  resonance  absorption 
of  the  pump  radiation  in  combination  with  the  much  more  rapid  redistribution  of  population  by 
the  V-V  exchange  processes.  The  time-dependent  transmitted  laser  pulse  shapes  are  also  shown 
in  Fig.  2  for  different  CO  partial  pressures  in  the  cell.  The  V-V  processes  then  continue  to 
populate  the  higher  vibrational  levels  above  v  =  10,  which  are  not  directly  coupled  to  the  laser 
radiation.  When  the  laser  is  turned  off,  the  vibrational  levels  are  depopulated,  again  mainly  by 
the  V-V  energy  transfer,  and  the  vibrational  energy  distribution  approaches  the  Boltzmann 
distribution  at  the  translational  temperature.  The  chopper  is  operated  at  a  low  frequency  of  13  Hz 
with  a  low  duty  cycle  of  =1/11,  so  that  the  laser  pulse  duration  is  6.8  msec,  and  the  time  between 
the  pulses  is  about  75  msec.  The  low  duty  cycle  is  deliberately  chosen  to  allow  complete 
vibrational  relaxation  between  the  laser  pulses. 

In  the  steady-state  measurements,  the  laser  remains  on  all  the  time,  so  that  a  complete 
steady  state  is  reached.  Note  that  the  vibrational  energy  stored  in  the  molecule  is  constantly 
converted  into  heat  both  in  V-V  and  V-T  processes.  However,  the  large  heat  capacity  of  the  Ar 
diluent,  as  well  as  conductive  and  convective  cool5  jg  of  the  gas  flow,  allow  us  to  control  the 
translational/rotational  mode  temperature  in  the  ceil.  Even  in  steady-state  conditions,  when  the 
average  vibrational  mode  energy  of  the  CO  would  correspond  to  a  few  thousand  degrees  Kelvin, 
the  temperature  never  rises  above  a  few  hundred  degrees.  Thus  a  strong  disequipartition  of 
energy  can  be  maintained  in  the  cell,  characterized  by  very  high  vibrational  mode  energy  and  a 
low  translational/rotational  mode  temperature.  Similar  nonequilibrium  conditions  exist  in  a 
variety  of  rapid  supersonic  expansions,  in  glow  plasma  discharges,  and  in  a  number  of  other 
thermodynamic  environments.  The  present  setup  allows  us  to  study  the  energy  transfer  and 
kinetic  processes  in  a  closely  controlled  environment,  without  the  complications  of  numerous 
electron  impact  processes  which  occur  in  electric  discharges  or  the  experimental  difficulties  of 
creating  and  controlling  a  supersonic  flow. 
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As  shown  in  Fig.  1,  the  population  of  the  vibrational  states  of  the  CO  in  the  cell  is 
monitored  by  infrared  emission  spectroscopy.  For  this  purpose,  a  Bruker  step-scan  Fourier 
transform  IFS  66  spectrometer  with  step-scan  and  rapid-scan  capabilities  is  used  to  record  the 
spontaneous  emission  from  the  CO  fundamental,  first  and  second  overtone  bands  through  a 
window  on  the  side  of  the  cell.  The  FT  spectrometer  can  be  used  for  recording  of  both  steady- 
state  and  time-resolved  spectra.  Steady-state  spectra  are  typically  recorded  in  rapid-scan  mode  at 
a  spectral  resolution  of  0.25  cm'1.  In  time-resolved  measurements,  a  few  hundred  “time  slices" 
are  recorded  in  step-scan  mode  with  a  lower  spectral  resolution  of  8.0  cm'1,  and  a  time  resolution 
ranging  from  5  (isec  to  50  psec,  thereby  spanning  a  time  period  of  a  few  msec  to  a  few  tens  of 
msec. 

The  Gaussian  laser  beam,  which  has  a  diameter  of  -0.5  cm,  does  not  have  to  be  focused 
to  provide  substantial  vibrational  mode  energy  in  the  cell  gases.  However,  in  the  present 
experiments  it  is  focused  to  increase  the  power  loading  per  CO  molecule  and  accelerate  the  V-V 
up-pumping,  providing  an  excitation  region  in  the  cell  of  ~1  mm  diameter.  The  measurements 
reported  here  are  made  at  the  same  Ar  partial  pressure  of  100  torr,  and  at  seven  CO  partial 
pressures  varying  from  0.5  torr  to  3.5  torr. 

3.  Kinetic  Model  and  the  V-V  Rate  Parametrization 

To  interpret  the  results  of  both  steady-state  and  time-resolved  measurements,  and  to  infer 
the  V-V  rates  for  CO-CO,  we  use  a  state-specific  kinetic  model  of  excitation  and  relaxation  of 
optically  pumped  anharmonic  oscillators  in  inhomogeneous  media.  It  is  based  on  the  master 
equation  model  described  in  detail  in  [18];  two  significant  upgrades  are  (i)  incorporation  of  laser 
power  distribution  and  transport  processes  (diffusion  and  heat  conduction)  across  the  Gaussian 
laser  beam,  and  (ii)  incorporation  of  the  multi-quantum  V-V  processes  ( I  k  |  >1  in  Eq.  (1)).  The 
model  evaluates  the  time-dependent  vibrational  level  populations  in  CO-Ar  mixture  excited  by  a 
laser  beam: 
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dny  (r,  t)  1  d 

dt  r  dr 


rDdn  v{r,t) 
dr 


+  Wv  +  VTv  +  SRD„  +  VE„  +  PLV 


dnv  (r,  t) 


dr 


=  0;  nv(r,t)\^=nv(r,t)\i=0=nv(T0) 

r=  0 


(3) 


v=0,vm 


Pcp 


dT(r,t) 

dt 


i  a  r  dT(r,t) 

7a7[  “aT" 


+  HVR 


dTjrJ ) 
dr 


r-  0 


=  0; 


T{r.<H^=TM\„  =  T9 


(4) 


In  Eqs.  (3,4),  nv(r,t)  is  the  population  of  the  Vth  vibrational  level  of  CO,  nv(To)  is  the  initial 
equilibrium  population  at  T0=300  K,  nCo  is  the  CO  concentration,  r  is  the  distance  from  the  beam 
axis,  D  and  X  are  the  diffusion  and  heat  transfer  coefficients,  respectively,  p  and  cp  are  density 
and  specific  heat  at  constant  pressure.  The  rest  of  the  notation  is  the  same  as  in  [18]:  W, 
vibration-vibration  term;  VT,  vibration-translation  term;  SRD,  spontaneous  radiative  decay 
(infrared);  VE,  vibration-electronic  coupling;  PL,  laser  pumping;  HVR,  gas  heating  by 
vibrational  relaxation.  The  explicit  expressions  for  these  terms  are  given  in  [18]  and  will  not  be 
repeated  here,  with  the  exception  of  the  V-V  term,  which  in  the  presence  of  the  multi-quantum 
processes  is  modified  as  follows: 

Wv  =  £  Q{v,  w-  k  ->  v-  k,  h)  •  nrii^k 

w,k 

-^Qiv-kw-tv,  w- k)  ■  nv_knw  ® 

w.k 

|AkNAVn«x 


In  Eq.  (5),  Q(v,w-k-»v-k,w)  is  the  rate  of  V-V  energy  exchange.  Since  the  flow  velocity  is  quite 
slow,  a  few  cm/sec,  convective  cooling  in  the  energy  equation  (4)  is  neglected. 
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The  objective  of  upgrading  the  model  is  the  study  of  the  effects  of  nonuniform  intensity 
distribution  across  the  laser  beam  and  vibrational  energy  transport  by  diffusion  (see  [19]),  as  well 
multi-quantum  energy  transfer,  on  the  excitation  and  relaxation  processes. 

The  Gaussian  intensity  distribution  across  the  laser  beam  results  in  a  faster  V-V  pumping 
near  the  beam  axis.  Pump  power  is  highest  on  the  axis,  and  it  is  here  where  the  vibrational  level 
populations  most  rapidly  reach  steady  state.  There  is  slower  excitation  far  from  the  axis,  where 
pump  pdwer  is  less.  The  same  qualitative  scenario  (i.e.  faster  relaxation  near  the  axis)  can  be 
observed  during  the  relaxation  after  the  laser  is  turned  off.  This  occurs  because  V-V  exchange 
between  two  excited  molecules  is  a  nonlinear  kinetic  process  with  a  rate  proportional  to  the 
product  of  the  two  level  populations.  For  example,  [dn2/dt]w~Qw(l-l— >2,0)nin1(  and  the  first- 
order  "time  constant"  Tw~[Qw(1.1— ^.OJnJ'^const  is  inversely  proportional  to  m,  which  tends 
to  increase  with  the  pump  laser  power  density.  Note  that  emission  spectroscopy  is  essentially  a 
line-of-sight  measurement.  The  line-of-sight  integration  of  the  time-dependent  signal  by  the 
spectrometer  will  create  an  impression  that  the  high  level  populations  rapidly  rise  and  decay, 
because  of  the  contribution  of  the  central  portion  of  the  beam  where  the  power  density  is  high 
and  kinetics  is  fast.  The  described  effect  does  not  appear  in  linear  or  quasilinear  kinetic 
processes,  such  as  V-T  relaxation  or  V-V  exchange  with  the  ground  vibrational  state,  v=0.  For 
these  two  cases,  the  first-order  time  constants,  tvt-IPvtU-^N]'1  and  Tvv-IQwU.O-^O.ljno]'1, 
are  indeed  constant  (n0  changes  fairly  weakly  during  the  excitation)  and  independent  of  the  laser 
power. 

Focusing  of  the  laser  beam  is  likely  to  reduce  this  effect  due  to  the  more  rapid  diffusion 
of  vibrationally  excited  molecules  across  the  narrow  beam.  However,  a  greater  effect  of  diffusion 
when  the  beam  diameter  is  reduced  will  further  complicate  the  analysis.  For  example,  previous 
time-resolved  experiments  [6,18]  show  that  the  typical  rise  and  decay  times  for  the  infrared 
radiation  from  the  high  CO  vibrational  levels  excited  by  the  focused  laser  beam  are  of  the  order 
of  a  few  milliseconds.  On  the  other  hand,  simple  estimates  show  that  the  characteristic  time  for 
diffusion  of  vibrational  energy  out  of  the  excited  volume  is  of  the  same  order  of  magnitude: 
Tdifr~R2/D~10  msec.  Here  R~1  mm  is  the  focused  laser  beam  diameter,  and  D~1  cm2/sec  is  the 
diffusion  coefficient  of  CO  at  P-100  torr.  This  results  in  a  competition  between  the  V-V  energy 
transfer  and  energy  transport  by  diffusion. 

Finally,  three-dimensional  semiclassical  trajectory  calculations  of  the  V-V  rates  for  CO- 
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CO  by  Cacciatore  and  Billing  [20]  predict  the  rates  of  the  near-resonance  multi-quantum 
processes  collisions  involving  exchange  of  two  or  more  quanta  (|k|>2  in  Eq.  (1))  to  be 
comparable  with  those  of  the  single-quantum  processes  for  high  vibrational  levels  (v,w>10  in 
Eq.  (1)).  This  prediction  is  consistent  with  the  results  of  the  previous  experiments  [6],  which 
inferred  the  near-resonance  single-quantum  V-V  rates  to  be  an  order  of  magnitude  greater  than 
the  gas  kinetic  collision  frequency.  This  result  might  be  attributed  to  the  latent  contribution  of  the 
multi-quantum  processes,  not  accounted  for  in  the  kinetic  model  used. 

All  this  suggests  that  the  spatial  power  distribution,  diffusion,  and  multi-quantum 
relaxation  might  well  be  significant  factors  in  the  present  experiments. 

In  the  present  model,  the  rates  of  the  energy  transfer  processes,  except  for  CO-CO  V-V 
rates,  are  the  same  as  described  in  [18].  The  V-V  rates  are  the  remaining  parameters  in  the  model 
calculations  that  are  only  known  with  some  uncertainty.  Therefore  they  are  varied  to  provide 
better  agreement  with  the  experiment.  In  the  calculations,  two  different  sets  of  rates  are  used.  In 
the  first  baseline  series  of  modeling  calculations,  we  used  a  V-V  rate  model  based  on  the  analytic 
parametrization  suggested  by  Jeffers  and  Kelley  [21],  developed  from  perturbation  theory  for  the 
cross  sections,  and  correlated  with  the  body  of  experimental  data  obtained  in  several  previous 
measurements  (see  [6]  and  references  therein).  These  rates  constitute  Set  I  (see  Fig.  3).  This  rate 
model  is  applicable  only  for  single-quantum  V-V  exchange  processes.  The  explicit  V-V  rate 
expressions  used  can  be  found  in  Appendix.  In  the  second  series  of  calculations,  we  used  an 
analytic  non-perturbative  theory  of  vibrational  energy  transfer  [22-24]  that  provides  a  convenient 
parametrization  of  the  results  of  the  trajectory  calculations  by  Cacciatore  and  Billing  [20], 
considered  to  be  the  most  reliable  theoretical  data  available.  This  "forced  harmonic  oscillator" 
(FHO)  theory  takes  into  account  the  coupling  of  many  vibrational  states  during  a  collision  and  is 
therefore  applicable  for  multi-quantum  processes.  Since  the  published  set  of  the  CO-CO  rates 
[20]  is  somewhat  incomplete,  we  have  used  the  computer  codes  DIDIAV  and  DIDIEX 
developed  by  Billing  [25,26]  to  extend  the  calculations  up  to  |k|<5,  for  the  same  CO-CO 
potential  as  used  in  [20].  The  comparison  of  these  rate  data  with  the  FHO  parametrization,  given 
in  the  Appendix,  is  shown  in  Figs.  3, 4.  These  V-V  rates  constitute  Set  II. 

In  addition,  the  code  DIDIEX  was  also  used  to  calculate  the  rates  of  the  asymmetric  one- 
by-two  quanta  near-resonance  V-V  exchange  process 


tot 


C0( 0)  +  COM  ->  CO(  1)  +  CO{w-  2) ,  v=  35  -  50, 


(6) 


(see  Fig.  5).  This  process,  incorporated  in  all  subsequent  calculations  (using  both  sets  of  V-V 
rates)  was  suggested  by  Napartovich  and  co-workers  to  be  very  important  in  kinetics  of  high 
vibrational  levels  of  CO  [27].  Note  that  calculations  of  the  rates  of  process  (6)  require  the  use  of 
accurate  CO  spectroscopic  constants  [28];  otherwise  the  quantum  number  at  which  the  rate  (6) 
reaches  maximum  can  be  shifted  by  a  few  levels. 

We  emphasize  the  necessity  of  the  use  of  analytic  parametrization  for  rate  inference. 
Even  if  only  transitions  between  adjacent  quantum  levels  are  incorporated  in  the  time-resolved 
experiment  analysis,  there  are  potentially  40  x  40  specific  rates  involved  for  a  pump  up  to  v  =  40. 
As  is  well  known,  deconvolution  of  all  the  specific  rates  from  the  time-dependent  population 
measurements  alone  would  require  far  greater  accuracy  than  achieved  in  the  present  data.  We 
therefore  require  theoretical  models  of  the  quantum  number  dependence  of  these  rates,  as 
discussed  above,  to  greatly  reduce  the  number  of  parameters  involved. 

The  system  of  equations  (3,4)  for  50  vibrational  levels  of  CO  is  solved  using  a  standard 
solver  for  stiff  partial  differential  equations,  PDECOL  [29].  In  the  calculations,  a  31 -point 
nonuniform  grid,  with  most  points  located  near  the  beam  axis,  is  typically  used.  The  laser  line 
intensity  distributions  are  given  by  the  equation  Ii(r)=0.5- (Ioi+Iot)  •  [2/TcR2  exp(-2r2/R2)] ,  where  I0i 
and  lot  are  the  incident  and  the  transmitted  line  intensities  in  W,  and  parameter  R=0.28  mm  in  the 
Gaussian  intensity  distribution  across  the  focused  'user  beam  is  calculated  by  the  code  STRAHL 
developed  at  University  of  Bonn  [30].  A  synthetic  spectrum  code  is  then  used  to  generate  the 
model  spectra.  Rotational  level  populations  are  assumed  to  be  in  equilibrium  with  the 
translational  temperature  T(r).  Both  the  vibration-rotation  level  populations  and  the  emission 
intensity  are  integrated  along  the  optical  path  of  the  spectrometer  (i.e.  across  the  laser  beam).  The 
code  uses  the  spectroscopic  data  for  CO  molecule  [28]  and  accurate  Einstein  coefficients  for 
spontaneous  emission  and  absorption  coefficients  for  the  CO  infrared  bands  [31]  as  inputs.  As 
usual,  the  synthetic  spectra  are  corrected  for  the  blackbody-calibrated  instrument  response 
function. 

4.  Results  and  Discussion 
4. 1.  Steady-State  Measurements 
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Under  the  conditions  described  in  Section  2,  with  the  laser  left  on,  a  highly 
nonequilibrium  distribution  of  vibrational  energy  is  created  in  the  CO  in  the  cell.  The  second 
overtone,  first  overtone,  and  part  of  the  fundamental  emission  from  CO  excited  by  the  focused 
laser  beam  is  shown  in  Fig.  6,  as  recorded  by  the  FT  spectrometer  at  a  resolution  of  0.25  cm'1. 
The  second  overtone  bands  can  be  seen  at  the  highest  frequencies  on  the  left  (v>4300  cm'1),  the 

first  overtone  bands  dominate  at  the  lower  frequencies  (2250  cm'1<v<43C0  cm'1),  and  the  high 

.3 

frequency  tail  of  the  R-branch  of  the  v  =  l->  0  fundamental  is  the  tall  peak  on  the*  right.  A  long 
wavelength  cut-off  filter  is  used  to  prevent  any  more  of  the  very  intense  fundamental  band 
emission  at  frequencies  v<1950  cm'1  from  being  recorded  by  the  detector,  and  swamping  the 
overall  signal.  While  this  resolution  is  approximately  1/10  the  rotational  spacing  of  the  CO 
molecule,  there  is  a  dense  array  of  individual  vibrational-rotational  lines,  due  to  the  overlapping 
of  the  various  band  components.  The  vibrational  population  distribution  functions  (VDF) 
inferred  from  such  high-resolution  spectrum  using  the  standard  technique  [32]  are  shown  in  Figs. 
7,  8  for  different  CO  partial  pressures.  Typically,  the  vibrational  level  populations  for  v<30  are 
inferred  with  the  accuracy  of  a  few  per  cent,  while  for  v>30  the  accuracy  becomes  somewhat 
worse,  up  to  20-30%.  The  translational/rotational  temperatures  at  these  conditions,  inferred  from 
the  rotationally  resolved  R-branch  of  the  1— >0  fundamental  band  with  the  accuracy  of  ±10  K,  are 
also  shown  in  Fig.  8.  The  distributions  shown  in  these  figures  are  the  well-known  "V-V  pumped" 
distributions  [4,5],  maintained  by  the  rapid  redistribution  of  vibrational  energy  by  the  V-V 
processes,  which  pump  energy  into  the  higher  vibrational  levels.  They  aie  obviously  extremely 
non-Boltzmann,  and  characterized  by  high  population  of  the  upper  vibrational  levels.  Although 
there  are  more  than  80  bound  vibrational  levels  in  the  CO  ground  electronic  state,  only  the 
lowest  40  levels  are  populated  by  the  V-V  process.  Note  that  V-V  pumping  of  CO  above  level 
v~40  has  not  been  achieved  in  the  previous  experiments  with  vibrationally  excited  carbon 
monoxide  [6,8,11,18,33,34]  in  a  broad  range  of  translational  temperatures  T=90-700  K, 
regardless  of  available  pumping  power.  This  includes  measurements  in  electric  discharges  and  in 
laser  absorption  cells  (both  in  gas  and  in  liquid  phase). 

The  reason  for  this  persistent  termination  of  the  up-pumping  has  been  discussed  in  the 
literature  for  some  time  [6,8,27,33,35].  The  three  most  likely  kinetic  processes  responsible  for 
this  effect  are  (i)  asymmetric  one-by-two  quanta  near-resonance  V-V  exchange  (6)  [27],  (ii) 
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near-resonance  vibration-to-electronic  (V-E)  energy  transfer  from  v-40  of  the  ground  electronic 
state,  X!Z,  to  the  low  levels  of  the  excited  electronic  state  A1!!, 

CO{XlZ,  v~  40)  +  C0-*  COU'n,  v~  0)  +  CO 
CO(A'Tl)^>CO{XlD  +  hv  (7) 

CO(Aln )  +M->  CO{Xl I)  +  M , 

suggested  in  [6]  based  on  the  measurements  of  time-resolved  radiation  from  CO  4th  positive 
electronic  bands  A^-^X1!,  coupled  with  the  population  of  v~35,  and  (iii)  rapid  V-T  relaxation 
on  the  products  of  vibrationally-induced  chemical  reactions  initiated  by  the  process, 

CO(vj  +  CO(w)  ^  C02  +  C,  (8) 

such  as  C,  C2,  C2O,  etc.  (vibrationally-induced  chemistry  was  first  observed  in  optically  pumped 
CO  in  [36]).  Finally,  both  theoretical  calculations  of  the  V-T  rates  for  CO-CO  [20]  and 
measurements  of  the  V-T  rates  CO-Ar  at  high  vibrational  levels  [37]  show  them  to  be  far  too 
slow  to  affect  the  vibrational  level  populations  at  v~40,  especially  at  the  low  temperatures  of 
T=100-300  K.  Note  that  dramatic  increase  of  the  state-specific  vibrational  relaxation  rates  above 
a  threshold  vibrational  quantum  level,  induced  by  chemical  reactions  or  intermolecular  electronic 
coupling,  has  been  also  previously  observed  in  NO  (v>14)  [38],  O2  (v>26)  [39],  and  NO2 
(vibrational  energy  greater  than  10,000-12,000  cm1)  [40]. 

To  analyze  the  effect  of  these  processes  on  the  observed  up-pumping  termination,  we 
calculated  the  steady-state  distributions  when  turning  processes  (6)  and  (7)  on  and  off  separately, 
for  both  sets  of  V-V  rates  discussed  in  Section  3.  The  results  are  summarized  in  Figs.  7,  8.  First, 
calculations  using  the  V-V  rates  of  Set  I  show  that  the  asymmetric  V-V  exchange  (6)  truncates 
the  VDF  at  higher  quantum  numbers  than  observed  in  the  experiment,  i.  e.  at  v~45,  where  the 
asymmetric  V-V  rate  reaches  maximum  (see  Fig.  5).  Replacing  process  (6)  by  the  V-E  energy 
transfer  (7)  predicts  VDF  truncation  in  satisfactory  agreement  with  the  low  temperature  data  (see 
Fig.  7).  However,  as  the  CO  partial  pressure  and  the  translational  temperature  both  increase,  the 
experimental  VDF  crashes  at  the  lower  quantum  numbers  than  predicted  using  the  near¬ 
resonance  V-E  transition  (7)  (see  Fig.  8). 
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These  results  are  consistent  with  the  studies  of  the  V-E  energy  transfer  in  CO  by  Wallaart 
and  co-workers  [8].  First,  Wallaart  et  al.  concluded  that  the  measured  steady-state  populations  of 
CO(A1n,v=l-ll)  best  correlate  not  with  the  ground  state  level  v=40  but  with  v=33,  and 
therefore  suggested  a  more  complicated  multi-step  mechanism  of  COCA1!!)  population  via 
mediation  of  the  triplet  electronic  states  with  excitation  energies  between  7  and  8  eV.  In  addition, 
their  measurements  of  the  COCA1!!)  concentrations,  nco(A)=105-106  cm'3,  lead  us  to  conclude  that 
the  maximum  power  removed  by  both  radiation  and  collisional  quenching  of  the  A  state,  is 
nco(A)EA/t~10'5-10'4  W/cm3,  which  is  negligible  compared  with  the  absorbed  laser  power  of  2  W. 
Here  Ea=8  eV  is  the  excitation  energy  of  the  A  state,  and  x-10'8  sec  is  its  radiative  lifetime, 
which  at  P=100  torr  is  comparable  with  the  collisional  lifetime.  On  the  other  hand,  in  our 
previous  paper  [19]  we  have  shown  that  an  energy  sink  at  the  level  va~40  that  cuts  off  the  V-V 
pumped  VDF  with  the  Treanor  minimum  at  vo~10  must  remove  a  much  larger  fraction  of  the 
power  added  to  the  vibrational  mode  of  the  oscillator,  [l-Xe(va+vo)]/(l-2xevo)~80%,  the  other 
20%  being  removed  by  the  V-V  exchange.  These  estimates  demonstrate  that  regardless  of  the 
details  of  kinetics  of  the  V-E  transition  X1^— ^A1!!,  it  is  unlikely  to  be  responsible  for  the  up- 
pumping  truncation  at  the  conditions  of  experiments  [8]  (T=700  K),  since  it  apparently  does  not 
remove  enough  power  from  the  vibrational  mode  of  CO.  We  note,  however,  that  the  COCA^.v) 
populations  measured  in  Ref.  [8]  might  conceivably  be  underestimated  due  to  the  strong  self¬ 
absorption  of  the  CO  fourth  positive  bands. 

Quite  obviously,  chemical  reactions  such  as  (8)  can  truncate  the  V-V  pumped  distribution 
only  if  the  reaction  rate  coefficient,  kr,  is  comparable  with  the  near-resonance  V-V  rate  that 
sustains  the  VDF  at  v-40,  kr~Qw~10'10  cm3/s.  This  gives  an  unrealistic  reaction  rate 
krnco(v)nco(w)~10'1010141014=1018  l/cm3/sec,  or  -100  torr  CO  per  second.  We  therefore 
tentatively  suggest  that  the  VDF  cutoff  at  v<40  can  be  at  least  partially  attributed  to  the  fast  V-T 
relaxation  of  CO  on  the  products  of  chemical  reaction  (8).  This  mechanism  may  be  most 
prevalent  at  the  higher  cell  temperatures.  At  the  same  time,  previous  experimental  data  (in 
particular,  the  VDF  crash  at  v~40  observed  at  cryogenic  temperatures  T=90-100  K  [33,34],  when 
the  V-T  relaxation  becomes  extremely  slow)  still  suggest  that  the  V-E  transition  (8)  might  also 
play  a  role  in  the  VDF  truncation  at  the  low  temperatures. 

Returning  to  the  discussion  of  Fig.  7,  we  note  that  calculations  using  the  V-V  rates  of  Set 
II  demonstrate  a  similar  although  somewhat  weaker  effect  of  processes  (6)  and  (7)  on  the  VDF  at 
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v-40-45.  In  addition,  the  slope  of  the  VDF  calculated  using  Set  II  V-V  rates  becomes  much 
steeper  than  in  the  experiment  (see  Fig.  7).  Varying  Avmax  in  the  calculations  showed  that  this 
occurs  due  to  a  rapid  increase  of  the  multi-quantum  V-V  rates  at  high  vibrational  quantum 
numbers,  even  though  the  rates  of  the  single-quantum  processes  of  Set  II  are  somewhat  slower 
than  those  of  Set  I  (see  Figs.  3,  4).  It  therefore  appears  that  Set  II  substantially  overpredicts  the 
multi-quantum  V-V  rater  at  the  high  v’s. 

Before  we  proceed  with  the  discussion  of  the  time-resolved  measurements,  we  tentatively 
conclude  that  the  use  of  the  rates  of  Set  I  together  with  the  V-E  process  (7)  instead  of  the 
asymmetric  V-V  exchange  (6)  provide  better  agreement  with  the  low-temperature  steady-state 
data.  We  would  like  to  emphasize  that,  apparently,  the  details  of  the  VDF  truncation  kinetics, 
which  are  still  not  well  understood,  have  little  effect  on  the  vibrational  populations  at  v<40  (see 
Fig.  7).  This  fact  allows  inference  of  the  V-V  rates  from  the  time-resolved  measurements. 
Finally,  Fig.  9,  which  shows  the  VDF’s  and  the  values  of  the  first  level  vibrational  temperature, 


_  coe(l-2xe) 

v~  HUti  ’ 


(9) 


at  different  distances  from  the  beam  axis,  demonstrates  the  strong  spatial  nonuniformity  of  the 
modeled  V-V  pumped  region. 

4.2.  Time-Resolved  Measurements 

Fig.  10  shows  a  typical  time-resolved  step-scan  spectrum  obtained  in  the  experiment.  In 
this  three-dimensional  projection,  emission  intensity  in  arbitrary  units  is  on  the  vertical  axis, 
frequency  in  cm'1  is  on  the  horizontal  axis,  and  the  diagonal  axis  is  the  time  in  microseconds. 
The  overtone  bands  (see  Section  4.1)  are  used  as  the  primary  diagnostic  to  infer  the  vibrational 
state  populations,  as  the  gas  is  optically  thin  on  all  these  transitions.  The  resolution  here  is  8  cm' 
\  so  that  the  rotational  line  structure  is  not  resolved,  although  the  individual  vibrational  band 
component  structure  is  clearly  seen.  The  time  resolution  is  50  microseconds  here,  and  every 
spectrum  obtained  at  these  intervals  is  being  displayed.  The  broadband  structure  visible  at  t=0  is 
the  blackbody  background,  subtracted  in  the  subsequent  analysis.  The  laser  is  switched  on  at  t  = 
0,  reaches  its  steady  state  intensity  in  about  200  microseconds,  and  is  switched  off  at  t=6.6 
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milliseconds  (see  Fig.  2).  In  addition  to  the  low  time  resolution  spectrum  shown  in  Fig.  10,  a  5 
microsecond  time  resolution  spectrum  is  taken  for  each  CO  partial  pressure  to  better  resolve  the 
initial  2  msec  stage  of  the  up-pumping  after  the  laser  is  turned  on.  For  each  step-scan  CO 
emission  spectrum,  a  time-dependent  laser  spectrum  was  also  measured;  the  time-dependent 
transmitted  laser  power  obtained  from  these  laser  spectra  is  shown  in  Fig.  2. 

Figs.  11  and  12  display  slice-by-slice  romparison  between  the  experimental  and  the 
synthetic  spectra  using  the  model  described  in  Section  3  and  the  first  set  of  the  V-V  rates. 
Although  the  spectra  are  shifted  along  the  y-axis  for  illustrative  purpose,  they  are  shown  in  the 
same  scale.  In  this  experiment,  the  CO  partial  pressure  is  3.5  torr.  One  can  see  that  although  the 
model  is  in  very  good  agreement  with  the  time-resolved  relaxation  data  (see  Fig.  12),  it  fails  to 
reproduce  the  time-dependent  spectra  during  the  excitation  (see  Fig.  11,  only  two  synthetic 
spectra  at  t=0.45  msec  and  t=4.45  msec  are  shown).  Basically,  the  model  predicts  much  faster 
laser  radiation  absorption  and  the  CO  up-pumping  after  the  laser  is  turned  on,  so  that  the  V-V 
pumped  distribution  reaches  the  steady  state  within  a  few  hundred  of  microseconds  instead  of  a 
few  milliseconds  (see  Fig.  11).  The  same  kind  of  disagreement  between  theoretical  and 
experimental  excitation  spectra  has  been  also  observed  at  other  CO  partial  pressures. 

Figure  13  displays  the  slice-by-slice  comparison  with  the  relaxation  data  at  P=0.5  torr. 
The  scale  in  this  figure  is  different  from  the  scale  used  in  Figs.  11  and  12  (the  emission  intensity 
is  roughly  proportional  the  CO  partial  pressure).  However,  all  time  slices  within  each  figure  are 
still  shown  in  the  same  scale. 

It  is  disappointing  that  the  model  is  at  driance  with  the  time-resolved  excitation  data. 
Note  that  varying  the  adjustable  parameters  in  the  Set  I  parametrization  or  the  use  of  Set  II  had 
not  resulted  in  substantial  improvement  of  the  agreement.  This  fact,  as  well  as  good  agreement  of 
the  model  with  the  relaxation  data  in  a  wide  range  of  CO  partial  pressures  (see  Figs.  12,  13), 
suggests  that  the  observed  slow  up-pumping  is  not  related  to  the  V-V  rates.  On  the  other  hand, 
the  time  dependence  of  the  absorbed  laser  power  (e.g.  shown  in  Fig.  2),  and  therefore  the  overall 
rate  of  CO  up-pumping  were  found  to  be  very  sensitive  to  the  laser  spectrum.  We  therefore 
believe  that  the  observed  slow  excitation  is  due  to  the  following  two  effects.  First  is  the  laser 
“line  hopping”  (i.  e.  laser  output  power  change  on  individual  lines)  detected  in  the  time-resolved 
laser  spectra,  which  is  significant  even  though  the  total  laser  power  remains  fairly  stable  (see  Fig. 
2).  Second  is  the  fast  V-T  relaxation  on  the  chemical  reaction  products,  which  is  the  "bottleneck" 
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at  the  first  stage  of  excitation  when  the  rate  of  the  V-V  process  that  triggers  the  up-pumping, 
CO(1)+CO(1)->CO(0)+CO(2),  is  comparable  with  that  of  the  V-T  relaxation, 
CO(1)+M->CO(0)+M.  Since  the  V-T  relaxation  rates  for  CO-CO  and  CO-Ar  are  extremely 
slow,  relaxation  on  reaction  products  may  change  the  effective  rate  of  the  V-T  relaxation  by 
several  orders  of  magnitude,  thereby  delaying  the  onset  of  the  up-pumping.  We  plan  to  verify 
these  assumptions  in  our  on-going  time-resolved  experiments  on  optical  pumping  of  NO  [41].  In 
these  experiments,  a  stable  single-line  CO  laser  is  used,  while  the  rapid  self-relaxation  NO-NO  is 
the  dominant  V-T  process  with  well-known  rates  [38],  so  there  should  be  much  less  uncertainty 
in  the  up-pumping  delay.  Finally,  even  though  achieving  better  agreement  with  the  experimental 
excitation  data  is  certainly  desirable,  we  believe  that  the  relaxation  data  allow  more 
straightforward  inference  of  the  V-V  rates.  Indeed,  in  this  case  the  model  does  not  need  to 
incorporate  the  laser-related  processes  (i.e.  absorption  and  induced  radiation),  and  the  model 
predictions  are  less  dependent  on  the  laser  spectrum  and  intensity  profile,  which  reduces  the 
uncertainty  in  the  inferred  V-V  rates. 

Figure  14  shows  the  time-resolved  relaxation  spectra  using  the  second  set  of  the  V-V 
rates  for  the  conditions  shown  in  Fig.  13  (at  PCo=0.5  torr).  Comparing  these  two  figures,  one  can 
see  that  the  use  of  the  rates  of  Set  II  results  in  a  somewhat  worse  agreement  with  the  experiment, 
just  as  has  been  observed  in  the  steady-state  calculations  (see  Section  4.1).  In  particular,  the 
radiation  intensity  from  v>20  (v<3400  cm'1)  calculated  using  the  Set  II  rates  is  noticeably 
weaker  than  both  in  the  experiment  and  in  the  Set  I  calculations  (se'„  Figs.  13,  14).  This  is 
consistent  with  the  lower  steady-state  vibrational  populations  calculated  using  the  rates  of  Set  II, 
compared  with  the  Set  I  results  (see  Fig.  7).  We  therefore  confirm  the  conclusion  of  Section  4.1 
that  calculations  by  Cacciatore  and  Billing  substantially  overpredict  the  multi-quantum  V-V  rates 
among  the  high  vibrational  quantum  numbers.  Note  that  recent  semiclassical  calculations  by 
Coletti  and  Billing  [42],  where  a  more  accurate  potential  energy  surface  has  been  used,  also 
predict  somewhat  lower  values  of  the  V-V  rates. 

Figure  15  displays  the  time-dependent  VDF’s  for  the  conditions  of  Fig.  12,  i.e.  relaxation 
at  Pco=3.5  torr  (solid  lines).  It  shows  that  the  relaxation  occurs  through  a  succession  of 
distributions  with  long  plateaus,  known  to  be  dominated  by  near-resonance  V-V  exchange  [4,5], 
Another  well-pronounced  feature  is  the  development  of  a  total  population  inversion  at  a  late 
stage  of  the  relaxation  process,  for  v>10,  created  by  the  diffusion  of  the  vibrationally  excited 


108 


molecules  out  of  the  beam  region  (compare  with  the  steady-state  VDF’s  at  large  distances  from 
the  beam  center  shown  in  Fig.  9).  Figure  15  also  shows  that  the  calculated  vibrational  level 
populations  drop  by  a  factor  20-100  during  the  relaxation,  i.e.  that  the  experimental  step-scan 
data  cover  a  substantial  portion  of  the  entire  relaxation  process.  Dashed  lines  in  Fig.  15  show  the 
vibrational  distributions  calculated  assuming  a  spatially  uniform  excited  region  and  neglecting 
diffusion.  The  latter  calculation  starts  from  a  VDF  that  is  close  to  the  line-of-sight  integrated 
VDF  predicted  by  the  model  incorporating  nonuniformity  and  diffusion,  and  the  V-V  rates  a:e 
the  same  in  both  cases.  Qualitative  difference  between  these  two  calculations  can  be  easily  seen. 
Relaxation  in  a  nonuniform  region  occurs  much  faster  because  of  the  higher  vibrational 
populations  near  the  beam  axis  (see  discussion  in  Section  3  and  Fig.  9).  The  vibrational  level 
populations  calculated  without  nonuniformity  and  diffusion  drop  by  only  a  factor  4-5,  which  is 
inconsistent  with  the  step-scan  relaxation  spectra  (see  Fig.  12).  Also,  in  this  calculation  the  total 
population  inversion  does  not  form.  This  clearly  shows  the  importance  of  taking  into  account 
spatial  nonuniformity  of  the  excited  region  as  well  as  the  transport  processes. 

Parametric  calculations  using  the  rates  of  Set  I,  where  we  replaced  the  V-E  transfer  (7)  by 
the  asymmetric  V-V  exchange  (6)  showed  that  both  the  VDF  for  v<40  and  the  synthetic  spectra 
shown  in  Figs.  12,13  are  primarily  influenced  by  the  V-V  rates,  and  only  weakly  sensitive  to  the 
rates  of  other  energy  transfer  processes.  Finally,  varying  the  adjustable  parameters  for  Set  I 
shown  in  the  Appendix  showed  that  their  values  chosen  in  [6]  provide  the  most  consistent 
agreement  with  the  step-scan  relaxation  spectra  for  Pco=0.5-3.5  torr. 

The  time-resolved  measurements  discussed  in  this  section  are  made  at  translaticr.oi 
temperatures  fairly  close  to  room  temperature.  Indeed,  from  Fig.  16  which  shows  the  temperature 
change  at  the  beam  axis  during  the  excitation  and  relaxation  one  can  see  that  the  maximum 
temperature  rise  at  Pco=3.5  torr  is  about  100  K.  However,  good  agreement  between  the  steady- 
state  data  and  the  modeling  calculations  for  v<30  in  the  temperature  range  T=400-730  K  (see 
Fig.  8)  shows  that  the  Set  I  rate  parametrization  is  also  applicable  at  these  temperatures.  As  has 
been  discussed  in  Section  4.1,  the  difference  between  the  calculated  and  the  experimental  VDF’s 
at  v>30  in  Fig.  8  is  due  to  the  effect  of  the  processes  unrelated  to  the  V-V  exchange. 


5.  Summary 


In  the  present  work,  time-resolved  step-scan  Fourier  transform  infrared  spectroscopy  of 
optically  pumped  carbon  monoxide  is  used  to  study  the  kinetics  of  vibrational  energy  transfer 
processes  (primarily  V-V  exchange)  in  strongly  vibrationally  nonequilibrium  CO.  Time 
evolution  of  all  vibrational  states  populated  by  the  V-V  processes  up  to  extreme  vibrational 
disequilibrium  is  monitored  simultaneously.  The  V-V  rates  are  inferred  from  these  data  using  a 
kinetic  model  that  incorporates  the  pump  laser  spatial  power  profile  and  transport  processes,  and 
allows  incorporation  of  multi-quantum  V-V  processes.  The  model  predictions  agree  well  with 
the  step-scan  relaxation  spectra.  Comparison  of  calculations  using  two  different  sets  of  V-V  rates 
with  experimental  spectra  showed  that  the  use  of  the  V-V  rates  of  Set  I  provides  better  agreement 
with  experiment.  It  is  also  shown  that  the  multi-quantum  V-V  rates  of  Set  II  (i.e.  analytic 
parametrization  of  semiclassical  trajectory  calculations  by  Cacciatore  and  Billing)  are 
overpredicted  at  high  vibrational  quantum  numbers. 

These  results  provide  new  insight  into  nonequilibrium  vibrational  kinetics,  and  also 
demonstrate  the  capabilities  of  the  time-resolved  step-scan  Fourier-transform  spectroscopy  for 
studies  of  molecular  energy  transfer  processes  and  validation  of  theoretical  rate  models. 

6.  Appendix 

6.1.  DeLeon-Rich  single-quantum  V-V  rate  parametrization  (Set  I)  [6,18] 
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6.2.  FHO parametrization  of  Cacciatore-Billing  V-V rates  (Set II)  [20,24] 
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Long-range  interaction,  L(T) =3.36- 10'3  (300/T) 1/2  cm3/s,  b=1386K3/2 
6.3.  Asymmetric  V-V rate parametrization  (used  with  both  V-V rate  sets)  [24] 
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S(T),  L(T),  c,  b,  and  F(X)  are  the  same  as  in  7.2. 
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Figure  1.  Schematic  of  the  experimental  setup 
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Figure  2.  Transmitted  CO  laser  pulse  shape  at  different  CO  partial 
pressures  in  the  cell 
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Figure  3.  Set  I  and  Set  II  single-quantum  rates  at  T=300  K 
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Figure  4.  Set  II:  three-quantum  rates  at  T=300  K 
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Figure  5.  Asymmetric  near-resonance  V-V  rates 
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Figure  6.  High-resolution  steady-state  CO  FT  spectrum.  Pco=0.5  torr 
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Figure  7.  Experimental  and  theoretical  steady-state  CO  distribution  functions 
at  Pco=0.5  torr 
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Figure  8.  Experimental  and  theoretical  steady-state  vibrational  distribution 
functions  at  different  CO  partial  pressures 


Figure  9.  Steady-state  vibrational  distribution  functions  at  different 
distances  from  the  beam  axis.  Pco=0.5  torr 
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Figure  10.  Typical  CO  step-scan  infrared  emission  spectrum 
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Figure  11.  Time-resolved  CO  emission  spectra  during  excitation.  Pco=3.5  torr.  Solid  lines, 
experiment;  dashed  lines,  calculations  using  Set  I  of  the  V-V  rates  (only  two  synthetic  spectra,  at 
t=0.55  msec  and  at  t=4.45  msec  are  shown).  Time  slices  shown  in  the  legend  are  bottom  to  top. 
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Figure  12.  Time-resolved  CO  emission  spectra  during  relaxation.  Pco=3.5  torr.  Solid  lines, 
experiment;  dashed  lines,  calculations  using  Set  I  of  the  V-V  rates.  Time  slices  shown  in  the 
legend  are  top  to  bottom. 
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Figure  13.  Time-resolved  CO  emission  spectra  during  relaxation.  Pco=0.5  torr.  Solid  lines, 
experiment;  dashed  lines,  calculations  using  Set  I  of  the  V-V  rates.  Time  slices  shown  in  the 
legend  are  top  to  bottom. 
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Figure  14.  Time-resolved  CO  emission  spectra  during  relaxation.  Pco=0.5  torr.  Solid  lines, 
experiment;  dashed  lines,  calculations  using  Set  II  of  the  V-V  rates.  Time  slices  shown  in 
the  legend  are  top  to  bottom. 
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Figure  15.  Vibrational  distribution  functions  during  the  relaxation  at 
PCo=3.5  torr.  Time  slices  shown  in  the  legend  are  top  to  bottom. 
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Figure  16.  Translational  temperature  at  the  beam  axis 
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CHAPTER  V 

VIBRATIONAL  ENERGY  TRANSFER 
AMONG  HIGH  VIBRATIONAL  LEVELS  OF  NITRIC  OXIDE 

1.  Introduction 


Vibrational  and  electronic  energy  transfer  in  nitric  oxide  (NO)  is  known  to  be 
of  great  importance  for  many  applied  problems  of  nonequilibrium  gas  dynamics  and 
chemical  physics,  such  as  in  ultraviolet  radiation  from  rocket  plumes  and  hypersonic 
shock  waves,  in  upper  atmosphere  kinetics,  in  environmental  clean-up  problems  and  in 
plasma  chemical  reactors.  There  exists  considerable  experimental  evidence  that  in 

these  nonequilibrium  environments,  where  a  considerable  amount  of  energy  is  stored  in 
molecular  vibrations,  NO  has  a  strongly  non-Boltzmann  vibrational-mode  energy 
distribution,  maintained  by  vibration-to-translation  (V-T)  and  vibration-to-vibration 
(V-V)  energy  exchange  in  molecular  collisions.  For  example,  NO  in  its  ground 
electronic  state  X2!!  was  shown  to  be  excited  by  V-V  pumping  up  to  vibrational  level 
v=15-16  in  glow  discharge  and  optical  pumping  experiments  11-3],  and  up  to  level  v=28 
in  RF  discharge  experiments  (4].  The  strong  vibrational  excitation  of  NO  also  leads 

to  the  excitation  of  its  electronic  levels  NOCA^.B^II)  with  the  subsequent  UV 
radiation,  and  induces  chemical  reactions  [2,5,6].  However,  nonequilibrium  kinetics 
of  nitric  oxide  is  still  not  well  studied.  Experimental  data  on  the  rates  and 

mechanisms  of  the  energy  exchange  processes,  involving  highly  excited  vibrational 

quantum  states,  are  scarce  [7,8],  while  reliable  theoretical  models  are  still  not 
available. 

This  paper  continues  studies  of  the  NO  kinetics  using  optical  pumping  of  nitric 

oxide  by  a  CO  laser.  The  main  advantage  of  this  approach  over  electric  discharge 

excitation  methods  is  that  vibraLional  levels  above  v=l  are  populated  by  the 

processes  of  V-V  exchange  only.  The  results  of  the  steady-state  experiments  have  been 
published  previously  [2,9].  In  the  present  work,  time-resolved  optical  pumping  is 
used  to  study  the  mechanism  of  population  of  high  vibrational  and  electronic  states 
of  NO,  and  to  infer  the  V-V  rates  for  NO-NO.  This  technique  has  previously  been 

applied  for  measurements  of  the  V-V  rates  for  CO-CO  [10]. 


2.  Experimental 

Fig.  1  shows  the  schematic  of  the  experimental  setup.  Radiation  from  a  liquid 
nitrogen  cooled  CO  gas  laser  (1)  is  used  to  optically  pump  nitric  oxide  in  a  flowing- 
gas  absorption  cell  (4).  The  laser  used  in  the  present  study  is  similar  in  design  and 
characteristics  to  the  laser  described  in  detail  in  [2].  In  the  present  experiments, 
the  laser  is  gracing  tunable  and  operates  in  the  single  line  cw  regime.  In 
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particular,  it  produces  up  to  5  W  power  on  the  CO  fundamental  transition  PUl)  M, 
which  is  in  very  close  resonance  with  the  NO  absorption  line  1/2R(12.5)  0-»l.  The 
energy  displacement  between  the  CO  laser  line  and  the  lower-frequency  component  of 
the  NO  A-doublet  is  ~2-10_3cm"1  111,12).  which  is  less  than  the  Doppler  width  of  the 
NO  line  [6).  Since  the  laser  transition  has  no  good  resonance  with  any  of  the  NO 
fundamental  transitions  on  higher  bands.  It  can  directly  excite  only  vibrational 
level  v=l  of  nitric  oxide. 

The  laser  radiation  is  focused  into  the  absorption  cell  (4)  by  a  300  mm  focal 
length  CaF  lens  (5).  The  position  of  the  focus  in  the  cell  can  be  displaced  by 
moving  the2lens  mount.  The  focusing  area  is  approximately  0.1  mm2,  which  gives  the 
maximum  power  density  in  the  cell  of  about  5  kW/cm2  for  a  typical  laser  power,  and 
clearly  excludes  the  possibility  of  the  multi-photon  absorption.  The  laser  beam  path 
is  purged  with  dry  nitrogen  to  avoid  atmospheric  water  absorption. 

The  NO-Ar  gas  mixture  is  flowing  through  an  aluminum  absorption  cell  with  8  mm 
ID  and  an  absorption  length  of  8  cm,  sealed  with  CaF,,  windows.  The  cell  design  has 
also  been  described  in  greater  detail  previously  [2].  To  reduce  the  concentration  of 
possible  chemical  products  in  the  cell,  and  to  provide  thermal  inertia,  the  nitric 
oxide  was  diluted  with  argon.  The  NO  partial  pressure  in  the  cell  was  varied  from  0.1 
to  1  torr,  with  the  Ar  pressure  being  constant  at  80  torr.  To  keep  down  the  cell 
temperature,  the  gas  flow  velocity  was  quite  high,  with  the  residence  time  being 
varied  in  the  range  10-40  msec.  The  gases  used  are  Matheson  CP  grade  NO  and  Ar  (99.97, 
purity). 

To  produce  square-shaped  pumping  pulses,  the  laser  beam  is  modulated  by  a 
mechanical  chopper  (6).  The  chopper,  with  a  stabilized  frequency  of  50  Hz,  and  a 
variable  duty  cycle,  provides  a  rise  time  for  the  pumping  of  the  laser  beam  of  about 
100  psec.  The  157.  cycle  (3  msec  on  /  17  msec  off),  used  in  most  of  the  experiments, 
allowed  reaching  steady-state  nonequilibrium  conditions,  when  the  laser  pulse  is  on, 
and  complete  relaxation,  when  the  pulse  is  off.  At  the  exit  of  the  cell,  the 
transmitted  laser  beam  was  focused  by  a  lens  (7)  in  a  HgCdTe  detector  (9)  through  a 
series  of  filters  (8).  This  provided  time-resolved  measurements  of  the  transmitted 
laser  power.  The  average  absorbed  laser  power  is  measured  as  a  difference  between  the 
transmitted  power  with  and  without  NO  by  introducing  a  power  meter  (16)  behind  the 
cell. 

The  infrared  and  ultraviolet  emission  from  the  cell  is  collected  perpendicular 
to  the  laser  beam  by  CaF^  lenses.  The  infrared  signal  is  analyzed  using  a  series  of 
narrow  band  filters  mounted  on  a  filter  wheel  (10)  and  backed  by  an  InSb  infrared 
detector  (11).  The  filter  transmission  curves  are  shown  in  Fig.  2,  overlapped  with 
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the  NO  first  overtone  emission  spectrum,  obtained  previously  in  the  steady-state 
optical  pumping  experiments  12].  The  filter  band  centers  are  close  to  the  following 
NO  first  overtone  baud  centers:  v=3-»l  (A=2.72  pm),  5-»3  (A=2.80  pm),  947  (A=3.01  pm), 
13-»11  (A=3.20  pm),  and  14412  (A=3.29  pm);  however,  the  measured  filter  signals 
obviously  originate  from  several  adjacent  overlapping  vibrational  bands.  The  peak 
transmission  of  the  filters  reaches  70-757.,  which  allowed  much  better  quality  of  the 
signal  compared  to  that  obtained  using  a  monochromator.  For  the  time-resolved 
measurement  of  the  UV  emission  from  the  cell  a  1/3  m  monochromator  with  a 
photomultiplier  (12)  was  used.  The  rise  time  of  the  detector  circuits  used  in  the 
present  study  are  better  than  30  psec. 

The  signals  from  the  IR  detectors  and  photomultiplier  are  sampled  and  averaged 
by  a  HP  54501A  digitizing  oscilloscope  (14)  interfaced  with  a  PC  (15).  The  triggering 
signal  is  delivered  from  the  optical  sensor  monitoring  the  mechanical  chopper.  The 
sampling  time  of  the  acquisition  system  is  better  than  3  ps.  To  increase  the  signal- 
to-noise  ratio,  the  emission  signal  is  typically  averaged  over  one  thousand  laser 
pulses. 


3.  Results 

Figs.  3,4  show  the  laser  pulse  shape  and  the  time  evolution  of  the  NO  infrared 
emission  signals  from  four  of  the  five  1R  filters,  as  well  as  the  time-dependent  UV 
signal.  The  data  are  shown  for  two  different  NO  partial  pressures  of  0.5  and  1  torr, 
and  at  two  different  scales,  to  show  the  rising  parts  of  the  curves  in  iji  eater 
detail.  From  both  figures  it  is  clear  that  at  these  experimental  conditions  quasi¬ 
steady-state  conditions  are  achieved  during  the  laser  excitation.  At  the  high  NO 
pressure,  there  is  a  pronounced  overshoot  in  the  IR  signals  from  the  higher 
vibrational  levels,  and  also  In  the  UV  signal,  which  may  be  attributed  to  the 
increasing  deactivation  of  the  high  NO  quantum  states  with  rising  temperature.  All 
the  data  curves  are  normalized  on  the  maximum  value  of  the  corresponding  signal.  It 
can  be  seen  from  Figs.  3,4  that  the  optical  pumping  occurs  as  a  diffusion-type 
process,  with  the  consecutive  excitation  of  increasing  vibrational  levels  and 
subsequent  electronic  excitation.  The  507  rise  times  for  the  signals,  chosen  for  the 
analysis  of  the  excitation  process,  Increase  with  the  energy  of  the  excited  state. 
Note  that  we  never  registered  any  signal  from  the  v=14  IR  filter.  We  believe  the  lack 
of  signal  here  is  due  to  the  narrow  band  pass  of  this  filter  (see  Fig.  ,2).  In 
previous  steady-state  optical  pumping  experiments  [2,3]  the  NO  vibrational 
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distribution  function  (VDF)  was  measured  up  to  v=16,  without  any  evidence  of  a  cut¬ 
off  of  the  vibrational  populations. 

Fig.  5  shows  the  steady-state  IR  filter  signal  intensities  (for  the  high  NO 
pressure  -  IR  signals  at  their  maxima),  normalized  on  that  of  v=5,  for  different 
experimental  conditions.  One  can  see  that  the  populations  of  the  high  vibrational 
states  decrease  with  the  NO  partial  pressure. 

Two  separate  series  of  experiments  were  performed  to  determine  the  dependence  of 
the  pumping  process  characteristics  (UV  rise  time  and  intensity)  on  the  laser  power 
density.  First,  the  focusing  lens  ((5)  of  Fig.  1)  was  moved  to  displace  the  focusing 
point  along  the  cell.  Second,  the  signal  was  collected  from  the  different  regions  of 
the  cell  using  a  narrow  diaphragm,  without  moving  the  focusing  lens.  Both 
measurements  were  performed  for  the  low  and  high  NO  partial  pressure  (0.2  and  1  torr, 
respectively).  We  found  out  that  these  two  procedures  only  weakly  affect  the  UV  delay 
time,  both  at  the  low  and  high  NO  pressure.  For  example.  Figs.  6,7  present  the 
results  of  the  UV  radiation  measurements  obtained  by  moving  a  diaphragm.  As  can  be 
seen,  the  UV  delay  time  is  very  nearly  the  same  for  all  diaphragm  positions. 
Therefore,  we  conclude  that  the  NO  v=0->l  transition  is  close  to  saturation,  with  the 
populations  of  the  levels  v=0  and  v=l  being  approximately  equal. 


4.  Kinetic  modeling  and  discussion 

To  interpret  the  results  of  the  experimental  measurements,  and  to  infer  the 
kinetic  rates  of  vibrational  energy  exchange  in  NO,  we  used  master  equation  modeling. 
A  detailed  description  of  the  master  equation  kinetic  model  used  in  the  present 
calculations  has  been  given  previously  [61;  here  we  give  only  a  brief  summary.  The 
time-dependent  population  of  each  vibrational  level  of  NO  is  expressed  as  follows: 

df 

_ 1  =  PUMP  +  SRD  +  VT  +  W  +  CHEM  ,  v=l-20  (1) 

dt 

where  f  is  the  relative  population  of  a  vibrational  level,  PUMP  is  the  laser 
excitation  of  level  v=l,  SRD  is  spontaneous  radiative  decay,  VT  and  VV  are  vibration- 
translation  and  vibration-vibration  energy  exchange  terms,  and  CHEM  describes 
vibrationally  induced  chemical  reactions.  Subsequently  in  this  paper,  fy  Is  referred 
to  as  the  vibrational  distribution  function,  or  "VDF".  This  system  of  equations  was 
supplemented  by  kinetic  equations  for  concentrations  of  chemical  components  such  as 
N,  O,  NO,  N  ,  0_,  N„0,  N0_,  and  by '  the  energy  equation,  which  calculates  the  gas 
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temperature  change  in  relaxation  processes  and  chemical  reactions.  Since  the  measured 
rise  times  for  IR  and  UV  signals  are  rather  short  (t^s  1  msec),  one  can  neglect 
diffusion  of  excited  NO  out  of  the  excitation  volume  <Tdiff~d2/D  ~  10  msec-  where  d~1 
mm  is  the  laser  beam  diameter).  Also,  since  the  V-V  pumped  area  is  shown  to  be  rather 
uniform  along  the  cell,  we  neglect  the  influence  of  the  flow  on  relaxation. 

The  rates  of  resonance  absorption  of  the  CO  laser  power  v=0*l  and  of  induced 
radiation  v=l*0  can  be  evaluated,  using  the  known  values  of  NO  spectroscopic 
constants,  the  Einstein  coefficient  for  spontaneous  radiation  A1(),  the  energy 
displacement  between  the  laser  line  and  the  NO  absorption  line,  and  the  absorption 
line  shape  factor,  which  is  a  known  function  of  the  gas  mixture  temperature, 
pressure,  and  chemical  composition  (see  16]  for  details  of  calculations).  These  rates 
are  also  proportional  to  the  laser  power  density,  which  is  only  known  with  a 
substantial  uncertainty.  However,  the  flow  uniformity  tests  (see  Section  3)  indicate 
that  the  absorbing  transition  is  saturated.  The  calculations  also  show  that  at  PN0S  1 
torr  and  laser  power  density  *500  W/cm2  at  the  line  P(ll)  8*7  the  NO  v=0*l  transition 
is  indeed  very  close  to  saturation.  Obviously,  the  results  of  kinetic  modeling  in  the 
saturation  limit  become  only  weakly  sensitive  to  the  power  density. 

The  spontaneous  radiative  decay  term  is  simply  proportional  to  the  Einstein 

coefficients,  taken  from  113,14].  The  calculated  first-overtone  radiation  signal 
intensity  for  each  of  the  IR  filters,  used  for  comparison  of  the  model  predictions 

with  the  experimental  results,  was  evaluated  as  a  superposition  of  all  individual 

vibrational-rotational  lines  (P,Q  and  R-branches),  transmitted  by  the  filter  (see 
Fig.  2).  The  filter  transmission  curves,  multiplied  by  the  InSb  detector  response 
function,  wre  used  as  entries  in  the  computer  code.  In  calculation  of  the 
vibrational-rotational  line  Intensities,  we  assumed  rotational-translational  and 
spin-orbit  equilibrium,  which  is  appropriate  for  the  present  experimental  conditions. 

The  v-T  relaxation  rate  NO-NO  for  v=l  has  been  measured  by  several  authors  (see 
115]  and  references  therein)  over  a  wide  temperature  range.  In  the  present 

calculations  we  use  the  room-temperature  value  kjjQ(l*0)=8.5‘10  cm  /s  [15].  The  V-T 
rates  at  the  high  v’s  were  determined  in  [7,8]  as  total  NO(v)  decay  rates  at  T=300K 
for  vibrational  levels  v=8-25,  prepared  with  high  specificity  by  stimulated  emission 
pumping  (SEP)  (see  Fig.  8).  However,  from  the  results  of  the  SEP  experiments  it  is 
not  completely  clear  what  part  of  the  NO  relaxation  rate  at  v*14  is  accounted  for  by 
the  single— quantum  and  double— quantum  V-T  relaxation  process,  respectively , 

r*  NO(v-l)  +  N0(0) 

NO(v)  +  N0(0)  —1  *  (2) 

U  N0(v-2)  +  N0(0) 
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by  the  near-resonance  V-V  exchange 


NO(v)  +  NO(v)  -»  NO(v-l)  +  NO(v+l)  ,  (3) 

and  by  chemical  reaction 

NO(v)  +  :,0(w)  -*  n2o  +  0  , 

which  has  the  activation  energy  Ea~23,400  cm"1  [161,  corresponding  to  approximately 
v=14  of  NO.  We  also  note  that  none  of  the  existing  adiabatic  V-T  rate  theories 
explains  all  of  the  anomalous  features  of  NO  self-relaxation:  extremely  high  absolute 
value  at  room  temperature  (by  several  orders  of  magnitude  higher  than  those  of  CO  and 
0  ),  anomalous  temperature  dependence  with  a  minimum  at  about  T=300  K  [151,  and  very 
weak  linear  quantum  number  dependence,  compared  to  what  is  predicted  by  adiabatic 
theories  [17].  Nonadiabatic  theory  [181  shows  that  V-T  relaxation  NO-NO  occurs  via 
vibrational-electronic  transition 

NoA^.v  ->  X2H3/2,v-1),  (5) 

between  the  components  of  the  split  double  degenerate  ground  electronic  state. 
Although  this  semi-qualitative  analytical  theory  correctly  predicts  the  order  of 
magnitude  of  the  N0(l-»0)  relaxation  rate,  it  may  be  used  only  as  an  estimate,  since 
the  electronic  terms  of  the  NO+NO  system  cannot  be  evaluated  to  the  desired  accuracy. 
Trajectory  calculations  using  realistic  NO-NO  potential  energy  surfaces  are  not 
available.  In  the  present  calculations  we  neglect  the  effect  of  the  NO-Ar  V-T 
relaxation,  because  it  is  known  to  be  much  slower  than  NO-NO  relaxation  [19,20]. 

The  current  situation  with  the  NO  V-V  rates  is  even  more  uncertain.  The  only 
rate  determined  in  the  experiments  is  k^0(l,l-»2,0)  (see  [21]  and  references  therein; 
here  we  use  the  value  2.9'10_12cm3/s,  measured  in  careful  experiments  by  Wysong  [211 
at  T=300  K),  while  the  quantum  number  dependence  has  never  been  measured.  Although 
the  k^Qd.l-^.O)  rate  is  close  to  the  corresponding  CO-CO  V-V  rate, 
k  (1,1-»2,0)=3.2"10_12  cm3/s  [10],  and  masses  and  vibrational  quanta  of  both 
molecules  are  also  similar,  this  of  course  does  not  necessarily  mean  that  the  two  V-V 
rate  sets  have  similar  temperature  and  quantum  number  dependence.  It  is  possible  that 
V-V  exchange  in  nitric  oxide  also  occurs  by  non-adiabatic  mechanism,  involving  a 
vibrational-electronic  transition  (5),  as  is  the  case  for  the  NO-NO  V-T  relaxation. 
For  this  reason  it  is  not  immediately  clear  what  kind  of  parametrization  can  be  used 
to  represent  the  NO-NO  V-V  rates. 

In  the  present  study,  we  assume  that  the  rates  of  the  V-V  transitions  (so  far 
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limited  to  single-quantum  transitions  only)  are  simply  proportional  to  the  product  of 
squares  of  the  corresponding  adiabatic  matrix  elements,  and  to  some  energy  defect 
function  F,  decreasing  with  the  energy  defect  AE, 


k(v+l,w  -»  v.w+1)  =  (v+l)(w+l)  •  k(l,0-»0,l) '  F(5,AE),  AE  =  2«exe(v-w) 


(6) 


where  5  is  radius  of  V-V  exchange,  considered  as  an  adjustable  parameter.  This 
follows  from  an  assumption  that  the  total  matrix  element  of  the  vibrational- 
electronic  transition  (5),  if  it  does  occur,  can  be  represented  as  a  product  of  the 
matrix  element  of  a  purely  vibrational  transition,  v-»v-l,  and  the  matrix  element  of 
the  purely  electronic  transition,  0= l/2-»3/2  (see  [18]),  considered  to  be  weakly 
dependent  on  the  vibrational  quantum  number.  This  assumption  is  justified  to  some 
extent  by  the  approximately  linear  quantum  number  dependence  of  the  non-adiabatic  NO 

V-T  rates  k(v-»v-l)~vk(l-»0)  up  to  v~14  [7,8]. 

From  numerical  solution  of  master  equation  (1)  with  different  parametrizations 
of  F(5,AE)  we  found  out  that  both  the  calculated  IR  signal  rise  times  and  the  steady- 
state  vibrational  distribution  function  (VDF),  very  much  sensitive  to  the  V-V 
exchange  radius  5,  are  only  weakly  dependent  on  the  type  of  parametrization.  This 
effect  cam  best  be  explained  in  terms  of  the  diffusion  theory  of  V-V  exchange  [22], 
developed  for  the  case  of  the  "strong"  excitation  regime,  when  there  exists  an 
extensive  gently  decreasing  plateau  in  the  VDF  (see  Fig.  9),  supported  by  near- 
resonance  V-V  exchange,  which  is  much  faster  than  the  V-T  relaxation.  Qualitatively, 
results  of  this  theory  may  be  applied  to  the  present  experimental  conditions,  where 
the  plateau  in  the  VDF  is  not  so  well  pronounced,  and  the  V-T  relaxation  is  not 
negligibly  slow.  According  to  the  diffusion  theory,  both  tb*  time-dependent  and  the 
steady-state  VDF  are  determined  not  so  much  by  the  Individual  V-V  rates,  as  by  the 
integral  diffusion  coefficient  of  the  vibrational  quanta  in  vibrational  number  space, 
independent  of  vibrational  quantum  numbers  [24], 


+00 


0)  X 

D  =  k(l,CW),l) 


F(6,v-w)*(v-wr  d(v-w) 


(7) 


In  particular,  the  time-dependent  VDF  on  the  plateau  is  given  by  the  equation  [24,25] 


where  q=(v+l)fv  is  the  vibrational  quanta  density,  and  j'  is  the  vibrational  quanta 
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loss  rate  due  to  some  sink  such  as  V-T  relaxation,  chemical  reactions,  diffusion  etc. 
The  steady-state  flow  of  quanta  on  the  plateau  is  125] 

TI(v)  »  Dq2  -  Jj  dv  s  const  ,  if  Jj  dv  «  Dq2  ,  (9) 

where  the  constant  is  determined  by  the  pumping  power.  For  the  two  well-known 
adiabatic  parametrizations, 


F(5w,AE)  =  expl-S^I  v-w| ) 


(10) 


for  the  V-V  rates  induced  by  short-range  repulsive  forces,  and 


FU^.AE)  =  expC-A^v-w)2)  (ID 

for  the  V-V  rates  induced  by  long-range  dipole-dipole  interaction,  the  diffusion 
coefficient  is 


and 
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respectively.  One  can  see  that  the  VDF,  given  by  Eqs.  (8,9)  is  independent  of  the 
type  of  the  V-V  parametrization,  and  determined  by  a  single  parameter  in  the  energy 
defect  function.  Our  objective  now  is  to  determine  the  adjustable  parameter  6  .in 
equation  (6)  by  fitting  the  results  of  kinetic  modeling  calculations  to  the  iesults 
of  both  time-resolved  and  quasi-steady-state  measurements.  For  this  purpose,  we  used 
the  V-V  parametrization  (11). 

The  chemical  reaction  term  CHEM  describes  the  NO  VDF  change  due  to  the  chemical 
reaction  (4)  which  can  possibly  affect  the  populations  of  the  high  vibrational  levels 
of  NO.  Two  other  possible  channels  of  the  reaction  (4),  with  the  formation  of  NO^  and 
N,  N  and  0 2>  respectively,  also  taken  into  account  by  the  model,  are  much  less 
probable  [16].  The  state-to-state  rate  constant  of  this  reaction  as  a  function  of 
vibrational  energy  of  reactants  was  evaluated  by  statistical  theory  [18,24], 


k(v,w-»)  =  e(Ey+Ew-Ea)- 


(E  +E  -E  1 
v  w  a1 


where  0(x)  is  a 


E  +E 
v  w 


(14) 


step  function,  and  normalized  on  the  equilibrium  rate  constant,  k  — 
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5-10"12-exp(-33.664/T)  [16]. 

In  the  present  calculations,  we  assumed  that  electronic  excitation  of  NO  occurs 
in  the  vibrational  energy  pooling  reaction 

NO(X,v)  +  NO(X,w)  -*  NO(A,B)  +  NO(X)  <15) 

E  +E  sE(A)~E(B)  , 

V  w 

which  has  approximately  the  same  vibrational  energy  threshold  v~14  as  the  reaction 
(4).  Other  possible  mechanisms,  such  as  recombination  of  N  and  0  atoms 

N  +  0  +  M  -»  NO(A,B)  +  M  ,  (l6) 

and  resonance  vibration-to-electronic  (V-E)  energy  transfer 

NO(X,v~35)  +  M  N0(A,B,v~0)  +  M  ,  (17) 

previously  discussed  in  [2],  were  neglected.  Mechanism  (16)  was  shown  to  be  very 
unlikely  on  the  basis  of  the  steady  state  experimental  data  (see  discussion  in  (21), 
while  mechanism  (17)  was  considered  to  be  unsignificant  since  it  predicts  a  much 
longer  UV  rise  time  than  is  predicted  by  the  energy  pooling  reaction  (15). 

In  the  first  series  of  modeling  '  calculations,  the  chemical  reaction  term  was 
ignored,  assuming  the  NO(v)  relaxation  rates  [7,8]  to  be  purely  V-T  rates.  In  this 
series,  we  failed  to  obtain  any  reasonable  agreement  with  the  experimental  results  in 
a  wide  range  of  values  of  parameter  A^  in  Eq.  (11).  In  particular,  at  high  (low 
diffusion  coefficient),  the  model  correctly  reproduced  the  steady-state  intensities 
of  the  IR  filter  signals,  shown  in  Fig.  5,  but  the  IR  and  UV  rise  times  were  much 
longer  than  was  obtained  in  the  experiment.  On  the  other  hand,  the  decrease  of  A^ 
(high  diffusion  coefficient),  leading  to  a  reasonable  correspondence  of  the  rise 
times  with  the  experimental  values,  gave  much  higher  intensities  of  v=9  and  v-12 
filters  than  have  been  measured.  However,  it  was  found  that  the  increase  of  the 
vibrational  quanta  loss  rate  (sink  j'  in  Eqs.  (8,9))  leads  to  much  better  agreement 
with  the  experiment  for  some  values  of  A^.  The  same  result  was  obtained  with  the 
alternative  type  of  the  V-V  parametrization  given  by  Eq.  (10). 

In  the  second  series  of  calculations,  we  introduced  the  chemical  reaction  term. 
The  NO  V-T  relaxation  rates  among  the  high  levels  val4  were  now  evaluated  from  the 
linear  extrapolation  of  the  low-quantum-number  V-T  rates  [81,  rather  than  taken  to  be 
equal  to  the  values  inferred  from  the  experiment  (see  Fig.  8).  It  is  interesting  that 
the  superposition  of  these  "extrapolated"  V-T  rates  and  the  state-to-state  chemical 
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reaction  rates  (14)  turns  out  to  be  very  close  to  the  total  NO(v)  relaxation  rates 
measured  in  (8)  (see  Fig.  8).  However,  the  quanta  loss  rate  j'  now  becomes  much 
faster,  since  each  act  of  vibrationally-induced  chemical  reaction  (4)  removes  many 
quanta  from  the  vibrational  mode,  instead  of  one  or  two  in  V-T  relaxation.  In  this 
series,  a  reasonable  agreement  with  the  experimental  results  was  obtained  at  A^O.IO 
(see  F)«" ..  5,10).  Fig.  10  shows  experimental  and  calculated  IR  and  UV  507.  rise  times, 
which  are  also  in  fairly  good  agreement.  The  agreement  between  the  experimental  and 
calculated  UV  rise  times  suggests  that  NO  electronic  excitation  indeed  correlates 
with  Vibrational  excitation  of  the  ground  electronic  state  vibrational  levels  v~14, 

which  justifies  the  use  of  the  mechanism  (15). 

Due  to  the  short  laser  excitation  time  ~3  ms,  the  concentrations  of  chemical 
products  in  the  cell  were  found  to  be  only  a  small  fraction  of  the  NO  concentrations, 
which  permitted  neglect  of  the  effects  of  reverse  reactions  and  of  NO  relaxation  by 
the  reaction  products. 

Finally,  Fig.  11  shows  the  NO-NO  V-V  rates  inferred  from  the  comparison  of  the 
modeling  calculations  with  the  experiment.  These  rates  are  close  to  the  CO-CO  V-V 
rates  (see  [10]),  which  allows  suggesting  that  the  V-V  exchange  in  NO  occurs  by  an 
adiabatic  mechanism,  and  is  induced  by  long-range  dipole-dipole  interaction.  Also,  we 
note  that  at  val5  the  near-resonance  NO-NO  V-V  rates  exceed  the  gas-kinetic 
frequency,  which  indicates  possible  importance  of  the  multi-quantum  V-V  transitions 
for  these  vibrational  levels,  as  is  the  case  for  CO-CO- [27]. 

Since  the  translation  temperature  increase  due  to  relaxation  appears  to  be 
insignificant  at  the  measured  rise  time  scale  of  s  1  ms  (less  that  50  K  for  PN0=1 
torr,  according  to  vibrational  energy  balance  model  calculations),  the  inferred  V-V 
rates  may  be  regarded  as  the  room-temperature  rates.  Recent  experimental  measurements 
[21]  of  the  k^U.l-^.O)  rate  show  slightly  negative  temperature  dependence  (~107.  as 
temperature  drops  from  T=300  K  to  T=240  K),  as  should  be  expected  for  the  dipole- 
dipole  induced  transitions  [27].  On  the  other  hand,  at  higher  temperatures  V-V 
exchange  is  more  likely  to  be  induced  by  repulsive  intermolecular  forces,  and  one  may 
expect  the  rates  to  rise.  More  information  on  the  quantum  number  and  temperature 
dependence  of  the  NO-NO  V-V  rates  is  expected  to  be  obtained  using  time-resolved 
step-scan  FTIR  spectrometer  diagnostics. 

Summarizing,  the  model  rates  shown  in  Fig.  11,  which  best  fit  the  experimental 
data,  are  given  by  the  following  function,  obtained  by  combining  Eqs.  (6,11): 

k(v+l, w  v.w+l)  =  (v+l)(w+l)  •  k(l,0-»0,l)  •  expl-A^v-w)2)  .  j  (16) 

where  Ayv=0.1,  and  k(l,0-»0,l)  =  l/2-k(l,l-»2,0)-exp(Ayy)  =  1.6-10-12  cm3/s  at  T=300  K. 
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Figure  1.  The  experimental  setup.  (1)  CO  laser;  (2)  grating,  (3) 
output  coupler;  (4)  absorption  cell;  (5)  focusing 
lens;  (6)  chopper;  (7)  collection  optics;  (8)  HgCdTe 
detector;  (9)  filters;  (10)  filter  wheel  with  IR 
filters;  (11)  InSb  detector;  (12)  monochromator;  (13) 
photomultiplier;  (14)  digitizing  oscilloscope;  (15) 
computer 


Figure  2.  Steady  state  NO  first  overtone  emission  spectrum  (2] 
and  filter  transmission  curves 
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Figure  3.  Time-dependent  IR  and  UV  emission  from  the  optically 
pumped  NO  in  the  cell.  PNQ=  0.5  torr 
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Figure  4.  Time-dependent  IR  and  UV  emission  from  the  optically 
pumped  NO  in  the  cell.  PNQ=  1.0  torr 


145 


Figure  6.  Time-resolved  UV  emission  from  the  cell  at  different 


positions  of  a  diaphragm.  PNQ=0.2  torr 


UV  signal  tr  =  20  msec 

PNO  =  1  torr  pioi  =  81  torr 


Figure  7.  Time-resolved  UV  emission  from  the  cell  at  different 
positions  of  a  diaphragm.  P^Q=1.0  torr 


NO(v)  relaxation  rate,  ms^torr  1 


v,  vibrational  quantum  number 

Figure  8.  NO(v)  relaxation  rates  (8,15)  (symbols);  extrapolation 
of  the  low  level  experimental  data  (dashed  curve);  sum 
of  the  extrapolated  V-T  rates  and  state-to -state  rates 
of  chemical  reaction  (4),  given  by  Eq.  (14) 
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Figure  9.  Measured  nonequilibrium  vibrational  distribution 
functions  in  diatomic  gases.  N2:  pulsed  electric 

discharge  [231;  NO:  optical  pumping  12];  CO:  optical 
pumping  1101. 
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Figure  10.  Experimental  and  calculated  IR  and  UV  507.  rise  times. 
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k(v-l,w  -  v,w-JL),  cm3/ s 


v,  vibrational  quantum  number 


Figure  11.  NO  V-V  rates  inferred  from  comparison  of  the  modeling 
calculations  with  the  experiment 
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CHAPTER  VI. 

VIBRATIONAL  ENERGY  STORAGE 
IN  HIGH-PRESSURE  MIXTURES  OF  DIATOMIC  MOLECULES 


1.  Introduction 

Nonequilibrium  vibrational  kinetics  of  diatomic  molecules  has  been  a  focus  of  attention 
for  many  years  in  gas  discharge  plasmas,  molecular  lasers,  pollution  control,  upper  atmosphere 
chemistry,  and  gas  dynamic  flows  [1,2].  The  rate  of  energy  transfer  between  the  vibrational 
molecular  modes  and  the  "external"  modes  of  rotation  and  translation  is,  in  particular,  a 
determining  process  in  many  high  enthalpy  fluid  environments  (such  as  in  supersonic  nozzles 
and  behind  shock  waves).  Furthermore,  the  details  of  energy  distribution  among  the  quantum 
states  within  the  vibrational  modes  is  a  key  issue  in  non-thermal  plasma  chemical  reactor  design, 
in  predicting  radiation  from  supersonic  nozzle  expansions,  and  in  the  design  of  a  variety  of 
molecular  gas  lasers  [3].  This  energy  distribution  is  primarily  controlled  by  vibration-to- vibration 
(V-V)  energy  exchange  processes  [4,5], 

AB(v)  +  CD(w)  AB(v  - 1)  +  CD(w  + 1) ,  (1) 

which  in  a  broad  range  of  parameters  are  known  to  be  much  faster  than  vibration-to-translation 
(V-T)  relaxation, 


AB(v)  +  CD  -a  AB(v  - 1)  +  CD .  (2) 

In  Eqs.  (1,2),  AB  and  CD  stand  for  diatomic  molecules,  v  and  w  are  vibrational  quantum 
numbers.  Near-resonance  V-V  exchange  processes,  such  as  Ev(AB)-Ev.i(AB)=Ew+i(CD)-Ew(CD) 
in  Eq.  (1),  are  of  particular  importance,  since  they  can  sequentially  populate  very  high 
vibrational  levels  of  the  molecules  [4,5],  and  thereby  precipitate  nonequilibrium  chemical 
reactions,  electronic  excitation  with  subsequent  visible  and  UV  radiation,  and  ionization. 

Methods  of  sustaining  strong  vibrational  disequilibrium  in  gases  include  (i)  rapid 
expansion  in  a  supersonic  nozzle,  (ii)  excitation  of  molecular  vibrations  in  electric  discharges, 
and  (iii)  optical  pumping  by  laser  radiation  absorption.  The  use  of  the  first  approach  is  difficult 
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due  to  the  short  available  test  time,  while  the  second  approach  is  limited  to  fairly  low  pressures 
(P-1  atm)  and  low  energy  loading  per  molecule  because  of  rapid  development  of  discharge 
instabilities  [6,7].  In  contrast  to  this,  steady  state  optically  pumped  plasmas  can  be  sustained  at 
high  pressures  (up  to  20  atm  in  CO-Ar  mixtures)  [8].  The  main  problem  with  optical  pumping, 
however,  is  that  the  use  of  efficient  resonance  absorption  provides  access  only  to  a  very  few 
heteropolar  molecules  (such  as  CO  and  NO  with  a  CO  laser  [9-14],  or  CO  with  a  frequency 
doubled  CO2  laser  [15]).  On  the  other  hand,  the  use  of  nonlinear  absorption  techniques,  such  as 
PUMP-DUMP  [16],  RELIEF  [17],  spontaneous  Raman  absorption  [18],  etc.,  allows  only  pulsed 
mode  operation  and  makes  energy  addition  to  vibrational  modes  of  homopolar  molecules,  such 
as  N2  and  O2,  extremely  inefficient. 

These  obstacles  prevent  development  of  new  promising  applications  of  vibrationally 
nonequilibrium  environments,  including  sustaining  stable  large-volume  ionization  in  high- 
pressure  air  and  energy  efficient  high-yield  mode-selective  chemical  synthesis. 

The  present  work  discusses  a  new  method  of  vibrational  excitation  of  high-pressure 
gases,  including  nitrogen  and  oxygen,  by  collision-dominated  vibrational  energy  transfer  of  Eq. 
(1)  from  an  infrared  active  species  (carbon  monoxide),  optically  pumped  by  resonance 
absorption  of  the  CO  laser  radiation.  This  method  combines  the  advantage  of  the  use  of  an 
efficient  gas  laser  with  the  capability  of  excitation  of  various  species  at  high  pressures,  without 
using  electron  impact. 

2.  Experimental 

2.1  Emission  spectroscopy 

Figure  1  shows  a  schematic  of  the  experimental  setup  for  the  study  of  vibrational  energy 
transfer  in  C0/Ar/N2/02  mixtures.  A  carbon  monoxide  laser  is  used  to  irradiate  a  gas  mixture, 
which  is  slowly  flowing  through  the  pyrex  glass  optical  absorption  cell  shown.  The  residence 
time  of  the  gases  in  the  cell  is  about  1  sec.  The  liquid  nitrogen  cooled  CO  laser  was  designed  in 
collaboration  with  the  University  of  Bonn  and  fabricated  at  Ohio  State.  It  produces  a  substantial 
fraction  of  its  power  output  on  the  v  =  l->  0  fundamental  band  component  in  the  infrared.  The 
laser  can  operate  at  more  than  100  W  continuous  wave  (c.w.)  power.  However,  in  the  present 
experiment,  the  laser  is  typically  operated  at  15  W  c.w.  broadband  power  on  the  lowest  ten 
fundamental  bands,  with  up  to  -0.3  W  on  the  v  =  l-»  0  component.  The  output  on  the  lowest 
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bands  (1— >  0  and  2— >  1)  is  necessary  to  start  the  absorption  process  in  cold  CO  (initially  at  300 
K)  in  the  cell.  The  quantum  efficiency  of  the  CO  pump  laser  approaches  90%,  with  the  overall 
efficiency  about  40%,  which  makes  is  the  most  efficient  gas  laser  available.  The  present  use  of 
CO  laser  pumped  absorption  cells  to  study  the  V-V  process  is  a  further  development  of  a 
technique  with  a  considerable  literature  [9-14]. 

The  emission  spectroscopy  measurements  reported  here  are  made  at  CO  partial  pressure 
of  2  torr  and  total  gas  pressure  of  190-130  torr.  At  these  conditions,  the  gas  mixture  is  optically 
thick  for  the  CO  laser  radiation.  A  substantial  portion  of  the  laser  power  (up  to  5  W)  is  absorbed 
over  the  absorption  distance  of  L=12.5  cm.  The  Gaussian  laser  beam,  which  has  a  diameter  of 
-0.5  cm,  does  not  have  to  be  focused  to  provide  substantial  vibrational  mode  energy  in  the  cell 
gases.  However,  in  the  present  experiments  it  is  focused  to  increase  the  power  loading  per  CO 
molecule,  providing  an  excitation  region  in  the  cell  of  -1  mm  diameter. 

After  the  laser  is  turned  on,  the  lower  states  of  CO,  v  <  10,  are  populated  by  direct 
resonance  absorption  of  the  pump  radiation  in  combination  with  the  much  more  rapid 
redistribution  of  population  by  the  intramode  V-V  exchange  processes  CO-CO  (see  Eq.  (1)). 
These  V-V  processes  then  continue  to  populate  the  higher  vibrational  levels  of  CO  above  v  =  10, 
which  are  not  directly  coupled  to  the  laser  radiation.  At  the  same  time,  the  intermode  V-V 
exchange  processes  CO-N2  and  CO-O2  also  populate  the  low  vibrational  levels  of  nitrogen  and 
oxygen  molecules.  In  particular,  rapid  vibrational  energy  transfer  from  highly  excited  CO 
molecules  to  oxygen  is  facilitated  by  near-resonance  process 

CO(v)  +  O2(0)-*CO(v-l)  +  O2(l),  v  -  25  (3) 

If  the  vibrational  energy  storage  per  N2  or  02  molecule  becomes  sufficiently  high,  the  high 
vibrational  levels  of  these  molecules  will  also  be  populated  by  the  intramode  V-V  exchange  N2- 
N2  and  O2-O2.  It  is  well  known  [19]  that  until  vibrationally  excited  molecules  start  producing 
rapid  V-T  relaxers  in  chemical  reactions  (such  as  N  and  O  atoms,  CO2,  etc.),  the  overall  rate  of 
V-T  relaxation  in  the  gas  mixture  remains  slow.  Therefore,  a  substantial  fraction  of  the  energy 
added  to  the  vibrational  mode  of  CO  by  the  laser  remains  stored  in  vibrational  modes  of  N2  and 
02. 
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When  the  laser  is  turned  off,  the  vibrational  levels  are  depopulated,  again  mainly  by  the 
V-V  energy  transfer,  and  the  vibrational  energy  distribution  approaches  the  Boltzmann 
distribution  at  the  translational  temperature.  In  the  steady-state  measurements  reported  in  the 
present  work,  the  laser  remains  on  all  the  time,  so  that  a  complete  steady  state  is  reached.  Note 
that  the  vibrational  energy  stored  in  the  diatomic  molecules  is  constantly  converted  into  heat  both 
in  V-V  and  V-T  processes.  However,  the  large  heat  capacity  of  the  gases  (including  the 
vibrational  modes),  as  well  as  conductive  and  convective  cooling  of  the  gas  flow,  allow  us  to 
control  the  translational/rotational  mode  temperature  in  the  cell.  Even  in  steady-state  conditions, 
when  the  average  vibrational  mode  energy  of  the  CO  would  correspond  to  a  few  thousand 
degrees  Kelvin,  the  temperature  does  not  rise  above  a  few  hundred  degrees.  Thus  a  strong 
disequipartition  of  energy  can  be  maintained  in  the  cell,  characterized  by  very  high  vibrational 
mode  energy  and  a  low  translational/rotational  mode  temperature.  As  discussed  in  Section  1, 
similar  nonequilibrium  conditions  exist  in  a  variety  of  rapid  supersonic  expansions,  in  glow 
plasma  discharges,  and  in  a  number  of  other  thermodynamic  environments.  The  present  setup 
allows  us  to  study  the  energy  transfer  and  kinetic  processes  in  a  closely  controlled  environment, 
without  the  complications  of  electron  impact  processes  and  instabilities,  which  occur  in  electric 
discharges,  or  the  experimental  difficulties  of  creating  and  controlling  a  supersonic  flow. 

As  shown  in  Fig.  1,  the  population  of  the  vibrational  states  of  the  CO  in  the  cell  is 
monitored  by  infrared  emission  spectroscopy.  For  this  purpose,  a  Bruker  Fourier  transform  (FT) 
IFS  66  spectrometer  is  used  to  record  the  spontaneous  emission  fr-om  the  CO  fundamental,  first 
and  second  overtone  bands  through  a  window  on  the  side  of  the  cell.  The  emission  spectra  are 
recorded  at  both  high  spectral  resolution  of  0.25  cm'1  and  low  resolution  of  8.0  cm1.  The 
translational-rotational  temperature  of  the  cell  gases  is  determined  from  the  rotational  structure 
of  the  R-branch  of  the  CO  fundamental  band  1— >0. 

2.2.  Raman  spectroscopy 

To  measure  vibrational  populations  of  N2  and  02  molecules  in  optically  pumped  gas 
mixtures,  spontaneous  Raman  spectroscopy  is  used.  Laser  Raman  diagnostics  were  performed  by 
combining  the  CO  laser  beam  and  a  pulsed  Nd:YAG  Raman  pump  laser  beam  using  a  90°  CaF2 
dichroic  mirror,  which  transmits  the  CO  laser,  while  reflecting  the  Nd:YAG  laser  (see  Fig.  2). 
Raman  spectra  were  obtained  using  the  second  harmonic  output  of  the  Nd:YAG  laser  in 
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combination  with  an  Optical  Multichannel  Analyzer  (OMA)  detector.  The  Nd:YAG  laser  was 
focused  coaxial  to  the  CO  pump  laser  and  Raman  scattering  in  a  volume  element  approximately 
0.100  mm  in  diameter  x  2  mm  long  was  captured  at  90°.  A  simple  long  wavelength  pass  (OG  - 
570)  colored  glass  filter  was  used  to  attenuate  the  elastic  scattering  at  0.532  microns  and  transmit 
the  Stokes  shifted  scattering,  which  was  in  the  range  0.570  -  0.615  microns.  The  OMA  consists 
of  a  1/4  meter  grating  spectrometer  with  a  micro-channel  plate  intensified  CCD  camera  as  the 
detector.  The  intensifier  allowed  a  fast  (-10  nsec)  gate  so  that  spontaneous  emission  from  the 
optically  pumped  gas,  which  was  much  brighter  than  the  detected  Raman  signal,  could  be 
minimized.  The  signal  was  integrated  for  time  duration  in  the  range  1-10  minutes.  The  resolution 
of  the  spectrometer  was  sufficient  to  resolve  individual  Q-branch  vibrational  bands  but  could  not 
resolve  any  rotational  fine  structure.  The  wavelength  coverage  enabled  the  capture  of 
approximately  15  vibrational  bands  simultaneously.  Determining  the  complete  N2,  02,  and  CO 
vibrational  distributions  required  merging  of  3  spectra,  which  were  obtained  sequentially  with 
identical  experimental  conditions.  More  experimental  detail  can  be  found  in  our  separate 
publication  [20]. 

Note  that  inference  of  the  vibrational  level  populations  from  Raman  spectra  requires 
knowledge  of  the  Raman  cross  section  dependence  on  the  vibrational  quantum  number.  For  all 
data  presented  in  this  work,  we  assume  that  the  Stokes  scattering  cross  sections  scale  as  v+1, 
which  is  rigorously  true  only  for  a  harmonic  potential  [21],  The  measurements  are  made  in 
CO/N2  and  C0/N2/02  mixtures  at  total  gas  pressures  of  P=400  torr  up  to  1  atm,  with  2-5% 
fraction  of  CO  and  up  to  16%  of  02  in  the  cell. 

3.  Kinetic  Model  and  the  V-V  Rate  Parametrization 

To  interpret  the  results  of  the  measurements,  we  use  a  state-specific  kinetic  model  of 
excitation  and  relaxation  of  optically  pumped  anharmonic  oscillators  in  inhomogeneous  media.  It 
is  based  on  the  master  equation  model  described  in  detail  in  [10];  a  significant  upgrade  is  the 
incorporation  of  laser  power  distribution  profile  and  transport  processes  (diffusion  and  heat 
conduction)  across  the  Gaussian  laser  beam,  which  become  of  crucial  importance  when  the  beam 
is  focused.  The  model  evaluates  the  time-dependent  vibrational  level  populations  in  C0-N2-02- 
Ar  mixtures  excited  by  a  laser  beam: 
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In  Eqs.  (4,5),  nv,i(r,t)  is  the  population  of  vibrational  level  v  of  species  i,  nv,i(To)  is  the  initial 
equilibrium  population  at  To=300  K,  ni=Env,i  are  the  species  concentrations,  r  is  the  distance 
from  the  beam  axis,  Dj  and  X  are  the  diffusion  and  heat  transfer  coefficients,  respectively,  p  and 
cp  are  density  and  specific  heat  of  the  gas  mixture  at  constant  pressure.  The  rest  of  the  notation  is 
the  same  as  in  [10]:  W,  vibration-vibration  term;  VT,  vibration-translation  term;  SRD, 
spontaneous  radiative  decay  (infrared);  VE,  vibration-electronic  coupling;  PL,  laser  pumping; 
HVR,  gas  heating  by  vibrational  relaxation.  The  explicit  expressions  for  these  terms  are  given  in 
[10].  The  line-of-sight  averaged  vibrational  populations  are  calculated  as  follows  [22], 


nri{t)  =  jnyl(r,t)dr 


(6) 


Eq.  (6)  takes  into  account  both  the  effect  of  the  decrease  of  the  radiating  volume  and  the  increase 
of  the  steradiancy  toward  the  focal  point  of  the  FT  spectrometer  collection  optics,  which 
compensate  each  other.  The  V-V  rates  for  CO-CO,  the  V-T  rates  for  CO-Ar,  and  the  vibration- 
to-electronic  (V-E)  energy  transfer  rates  CO(X1L)+CO^CO(A1n)+CO,  used  in  the  present 
model,  were  inferred  from  previous  time-resolved  optical  pumping  experiments  [9,23],  The  V-V 
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rate  parametrizations  for  CO-N2)  N2-N2,  02-02>  and  N2-02  are  based  on  the  results  of  the  close- 
coupled  trajectory  calculations  by  Billing  et  al.  [24-27].  Since  the  V-V  rates  for  C0-02  are  not 
available,  they  are  evaluated  by  replacing  the  vibrational  quantum,  C0e,  and  anharmonicity,  Xe,  of 
N2  for  those  of  02  in  the  CO-N2  rate  parametrization,  keeping  all  other  parameters  the  same  (see 
Eqs.  (A5,A9)  and  Table  A2  of  the  Appendix).  The  rationale  for  this  assumption  is  that  the  near¬ 
resonance  V-V  exchange  in  both  CO-N2  and  C0-02  collisions  is  primarily  induced  by  the 
dipole-quadrupole  interaction.  The  V-T  rate  parametrizations  for  CO-CO,  N2-N2,  and  02-02  are 
also  based  on  the  results  of  calculations  [24-27];  the  remaining  molecule-molecule  V-T  rates 
AB-M  are  considered  to  be  independent  of  the  collision  partner  M.  Note  that  the  V-T  relaxation 
by  molecules  and  by  argon  atoms  is  not  expected  to  play  an  important  part  in  the  vibrational 
energy  balance,  because  at  the  relatively  low  gas  temperatures  involved  these  V-T  rates  are  very 
slow.  The  present  version  of  the  model  does  not  incorporate  V-T  relaxation  on  reactive  atoms 
such  as  N  and  0,  because  of  the  large  uncertainty  in  prediction  of  chemical  reaction  rates  of 
vibrationally  excited  molecules.  The  explicit  analytic  rate  expressions  used  can  be  found  in  the 
Appendix. 

The  system  of  equations  (4,5)  for  40  vibrational  levels  of  CO,  N2,  and  02  is  solved  using 
a  standard  solver  for  stiff  partial  differential  equations,  PDECOL  [28].  In  the  calculations,  a  21- 
point  nonuniform  grid,  with  most  points  located  near  the  laser  beam  axis,  is  used.  The  laser  line 
intensity  distributions  are  given  by  the  equation  Ii®=Ior[2/jtR2exp(-2r2/R2)],  where  I0i  are  the 
incident  line  intensities'  in  W,  and  the  parameter  R=0.56  mm  in  the  Gaussian  intensity 
distribution  across  the  focused  laser  beam  is  calculated  by  the  code  STRAHL  developed  at  the 
University  of  Bonn  [29].  The  present  code  uses  the  spectroscopic  data  for  the  CO  molecule  [30] 
and  accurate  Einstein  coefficients  for  spontaneous  emission  and  absorption  coefficients  for  the 
CO  infrared  bands  [31]  as  inputs. 

4.  Results  and  Discussion 

4.1.  Emission  Spectroscopy  Results 

Under  the  conditions  described  in  Section  2,  a  highly  nonequilibrium  distribution  of 
vibrational  energy  is  created  in  the  cell.  Figure  3  shows  the  CO  infrared  emission  from  the  CO- 
Ar  mixture  excited  by  the  focused  laser  beam,  as  recorded  by  the  FT  spectrometer  at  a  resolution 
of  0.25  cm1.  The  second  overtone  bands  can  be  seen  at  the  highest  frequencies  on  the  left 
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(v>4300  cm'1),  the  first  overtone  bands  dominate  at  the  lower  frequencies  (2250  cm',<v<4300 
cm'1),  and  the  high  frequency  tail  of  the  R-branch  of  the  v  =  1— >  0  fundamental  is  the  tall  peak 
on  the  right.  A  long  wavelength  cut-off  filter  is  used  to  prevent  any  more  of  the  very  intense 
fundamental  band  emission  at  frequencies  v<1950  cm'1  from  entering  the  instrument,  and 
swamping  the  overall  signal.  While  this  resolution  is  approximately  1/10  the  rotational  spacing 
of  the  CO  molecule,  there  is  a  dense  array  of  individual  vibrational-rotational  lines,  due  to  the 
overlapping  of  the  various  band  components. 

The  CO  vibrational  distribution  functions  (VDF)  inferred  from  such  high-resolution 
spectra  using  the  standard  technique  [32],  as  well  as  theoretical  line-of-sight  averaged  VDFs,  are 
shown  in  Fig.  4  for  two  different  gas  mixtures,  CO/Ar=2/100  and  CO/N2=2/100,  at  P=100  torr. 
The  theoretical  VDFs  have  been  calculated  using  kinetic  model  discussed  in  Section  3.  The 
measured  translational-rotational  temperatures  for  these  two  cases  are  T=600  K  and  450  K, 
respectively.  The  distributions  shown  in  Fig.  4  are  the  well-known  “V-V  pumped”  distributions 
[4,5],  maintained  by  the  rapid  redistribution  of  vibrational  energy  by  the  V-V  processes,  which 
pump  energy  into  the  higher  vibrational  levels.  They  are  obviously  extremely  non-Boltzmann, 
and  characterized  by  high  population  of  the  upper  vibrational  levels.  Note  that  replacing  argon 
with  nitrogen  in  the  cell  somewhat  reduces  the  measured  CO  vibrational  level  populations,  since 
some  vibrational  energy  is  transferred  from  CO  to  N2.  This  effect  is  somewhat  less  pronounced 
in  the  calculations  (see  Fig.  4),  which  suggests  that  the  theoretical  V-V  rates  for  CO-N2  [24]  used 
in  the  present  calculations  are  underestimated.  Figure  4  also  shows  the  calculated  centerline  CO 
and  N2  VDFs  in  the  CO/N2  mixture.  One  can  see  that  carbon  monoxide  at  the  beam  center  is  in 
extreme  vibrational  disequilibrium.  Furthermore,  modeling  calculations  suggest  that  nitrogen 
also  becomes  strongly  V-V  pumped  by  vibrational  energy  transfer  from  CO,  as  discussed  in 
Section  3.  Calculated  radial  distributions  of  the  first  level  vibrational  temperature  Tv(CO), 

ink  /ihY  (7) 

shown  in  Fig.  5,  predict  the  centerline  values  of  TV(CO)=12,000  K  in  the  CO/Ar  mixture,  and 
TV(CO)=8500  K,  Tv(N2)=2400  K  in  the  CO/N2  mixture.  In  Eq.  (7),  0i  is  the  energy  of  the  first 
vibrational  level  of  a  molecule,  and  no  and  ni  are  the  populations  of  vibrational  levels  v=0  and 


v=l,  respectively.  The  first  level  vibrational  temperature  defined  by  Eq.  (7)  is  used  throughout 
the  remainder  of  this  chapter.  For  comparison,  the  apparent  first  level  vibrational  temperatures  of 
CO  inferred  from  the  line-of-sight  averaged  VDFs  of  Fig.  4  are  TV(CO)=3300  K  and  2700  K, 
respectively.  Figure  6  plots  the  calculated  CO  distribution  functions  in  the  CO/Ar  mixture  at 
different  distances  from  the  laser  beam  axis.  From  Figs.  5,6,  one  can  see  that  the  optically 
pumped  region  is  strongly  nonuniform  in  the  radial  direction. 

Figure  7  shows  the  experimental  and  the  theoretical  VDFs  in  C0/Ar/02  mixtures  at 
different  oxygen  concentrations.  One  can  see  that  the  increase  of  O2  partial  pressure  results  in 
truncation  of  the  CO  VDF  due  to  the  V-V  energy  transfer  from  CO  to  O2.  However,  even  with  30 
torr  of  02  in  the  cell,  CO  is  still  V-V  pumped  up  to  the  level  v~20.  The  model  predictions  do  not 
fully  reproduce  the  observed  CO  VDF  fall-off  at  v>25  (see  Fig.  7)  unless  the  V-V  rates  for  CO- 
O2  at  high  vibrational  levels  (see  Eq.  (3)),  varied  in  the  calculations,  considerably  exceed  the  gas 
kinetic  collision  frequency.  We  believe  this  discrepancy  to  be  due  to  (I)  possible  contribution  of 
a  fast  nonadiabatic  (i.e.  reactive)  channel  of  the  V-V  exchange  between  highly  excited  CO  and 
O2,  and  (ii)  the  effect  of  rapid  V-T  relaxation  of  CO  by  0  atoms,  both  not  incorporated  into  the 
model.  An  indirect  evidence  of  these  effects  is  the  CO2  infrared  spectrum  observed  in  CO/Ar/02 
mixtures  (see  Fig.  8).  CO2  radiation,  which  could  not  be  detected  in  CO/Ar  and  CO/N2  mixtures, 
is  most  intense  at  oxygen  partial  pressures  of  0.1 -1.0  torr  and  becomes  weaker  as  the  O2 
concentration  increases.  CO2  and  oxygen  atoms  in  the  cell  are  likely  to  be  produced  in 
vibrationally  stimulated  chemical  reaction  CO(v)+02(w)— »CO^+-0.  This  scenario  is  consistent 
with  the  modeling  calculations  which  predict  strong  vibrational  excitation  of  diatomic  species  at 
the  low  02  partial  pressures  (see  Fig.  9).  For  the  conditions  of  Figs.  7,8,  centerline  first  level 
vibrational  temperatures  are  TV(CO)=13,000  K,  TV(C>2)=7000  K  and  TV(CO)=9500  K, 
Tv(02)=3000  K  for  1  torr  and  30  torr  of  O2  in  the  cell,  respectively. 

4.2.  Raman  Spectroscopy  Results 

Spontaneous  Raman  spectroscopy  allows  access  to  vibrational  levels  of  homopolar 
molecules  and  thereby  provides  powerful  diagnostics  of  nonequilibrium  gases.  It  also  gives  an 
opportunity  for  comparing  predictions  of  modeling  calculations  discussed  in  Section  4.1  with  the 
experimental  data.  In  the  experiments  described  in  Section  3.2,  Raman  spectra  of  optically 
pumped  CO,  N2,  and  O2  are  recorded  in  the  pressure  range  P=400-760  torr.  Figure  10  displays 
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Raman  spectra  of  these  species  measured  in  a  CO/N2/O2  mixture  at  P=740  torr,  with  CO  and  O2 
partial  pressures  of  40  torr  and  30  torr,  respectively.  In  these  spectra,  one  can  easily  identify  a 
few  low  vibrational  levels  of  CO,  N2,  and  O2.  However,  Raman  vibrational  spectra  of  CO  in 
CO/N2  mixtures  also  show  multiple  peaks  corresponding  to  38  first  vibrational  states  of  carbon 
monoxide,  v=0-37  [20].  This  makes  the  inference  of  vibrational  populations  of  all  these  levels 
possible,  provided  that  the  Raman  cross  sections  for  highly  vibrationally  excited  molecules  are 
known  with  reasonable  accuracy.  As  discussed  in  Section  3.2,  Raman  spectroscopy  is  essentially 
a  point  measurement.  This  means  that  if  the  focused  Nd:YAG  laser  is  aligned  along  the  axis  of 
the  CO  pump  laser  (see  Fig.  2),  the  Raman  spectra  would  provide  vibrational  level  populations  in 
the  vicinity  of  the  centerline  of  the  excited  region. 

Figure  11  displays  vibrational  level  populations  of  CO,  N2,  and  O2  inferred  from  the 
Raman  spectra  such  as  shown  in  Fig.  10,  at  P=740  torr,  with  CO  and  O2  partial  pressures  of  40 
torr  and  120  torr,  respectively.  Figure  12  shows  vibrational  level  populations  of  CO  and  N2 
inferred  from  the  Raman  spectra  of  the  optically  pumped  CO/N2=3/100  mixture,  at  P=1  atm.  At 
these  conditions,  the  incident  CO  laser  power  of  10-13  W  was  about  the  same  as  in  the 
experiments  discussed  in  Section  4.1,  while  the  gas  pressure  in  the  cell  was  much  higher  (-1  atm 
vs.  100  torr).  Therefore  vibrational  energy  loading  per  molecule  in  this  second  series  of 
experiments  is  also  much  lower  than  in  the  first  series.  Indeed,  the  first  level  vibrational 
temperature  of  CO  near  the  centerline,  where  vibrational  disequilibirum  is  the  strongest 
(Tv=2600-3000  K,  see  Figs.  11,  12),  is  in  the  same  range  as  apparent  values  inferred  from  the 
line-of-sight  averaged  CO  VDF  in  emission  spectroscopy  measurements  (Tv=2700  3300  K,  see 
Figs.  4,7).  In  addition,  one  can  see  that  the  calculated  centerline  vibrational  temperature  of  CO  at 
P=100  torr,  Tv(CO)=8, 500-12, 000  K  (see  Figs.  3,  4)  is  much  higher  than  its  corresponding  values 
calculated  and  measured  at  P=1  atm,  Tv(CO) =2600-3900  K  (see  Fig.  11,  12).  In  other  words, 
vibrational  disequilibrium  becomes  weaker  at  higher  pressures.  However,  even  at  P=1  atm  it 
remains  very  strong.  This  is  consistent  with  modeling  calculations,  also  shown  in  Figs.  11,  12. 
Calculated  centerline  VDFs  of  the  three  diatomic  species  are  in  reasonable  agreement  with  the 
data.  Comparing  the  results  of  calculations  in  Figs.  11, 12,  one  can  see  that  addition  of  oxygen  to 
optically  pumped  gases  results  in  depletion  of  the  high  vibrational  levels  of  CO,  as  has  been  also 
observed  in  the  emission  spectroscopy  experiments  (see  Fig.  7).  From  Fig.  11  one  can  see  that 
the  model  somewhat  overestimates  the  first  level  vibrational  temperature  of  oxygen.  We  believe 
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this  to  be  an  in  indication  of  an  additional  energy  sink  from  the  vibrational  mode  of  O2,  possibly 
due  to  V-T  relaxation  by  0  atoms. 

The  translational  temperature  in  this  series  of  experiments  is  evaluated  from  comparison 
of  two  Raman  spectra  of  nitrogen,  one  with  the  CO  laser  on  (e.g.  see  Fig.  10(a)),  and  the  other 
with  the  laser  turned  off,  i.e.  in  an  equilibrium  gas  mixture  at  To=300  K.  In  the  latter  case,  as 
expected,  only  the  signal  from  v=0  is  measured.  Since  the  Raman  signal  intensity,  Iv,  is 
proportional  to  the  product  of  the  absolute  population  of  a  vibrational  level,  nv,  and  the  Raman 
cross  section,  o V~(v+1),  this  allowed  inference  of  the  number  density  of  N2  molecules,  as  well  as 
the  translational  temperature,  on  the  centerline  of  the  excited  region, 

T  _  nNi  {TQ, non- excited)  _  nQ  _  jQ 

T0  nNz  (T,  excited)  ^nv  £/„/(v+ 1)  (8) 


Nitrogen  spectra  have  been  used  for  the  temperature  inference  for  two  reasons,  (I)  in  the  present 
experiments  it  is  the  most  abundant  species  (78-98%  of  the  gas  mixture),  so  that  vibrationally- 
stimulated  chemical  reactions  are  least  likely  to  affect  its  concentration,  and  (ii)  it  has  the  fewest 
number  of  vibrational  levels  excited.  From  Eq.  (8),  the  centerline  translational  temperature  of  the 
optically  pumped  gases  for  the  conditions  of  Figs.  10-12  is  inferred  to  be  T=500  K.  Additional 
^  experiments  [20]  demonstrate  that  the  rotational  structure  of  the  S-branch  Raman  spectra  can 
also  be  resolved,  which  also  allows  estimating  the  translational-rotational  temperature  of  the 
optically  pumped  gas,  T<600  K  [20]. 

These  experimental  results  confirm  the  predictions  of  modeling  calculations  (see  Section 
4. 1)  and  demonstrate  that  strong  vibrational  disequilibrium  can  be  sustained  by  a  c.w.  CO  laser 
in  relatively  cold  molecular  gas  mixtures  at  atmospheric  pressure.  Among  the  numerous 
implications  of  this  major  result  is  the  possibility  of  sustaining  a  cold  stable  plasma  in 
atmospheric  pressure  air  (with  CO  used  as  an  additive).  Associative  ionization  of  carbon 
monoxide  in  strongly  vibrationally  excited  CO/N2,  C0/Ar/02,  and  CO/Ar/NO  mixtures  has 
already  been  demonstrated  in  our  previous  work  [11,33,34].  The  unconditional  stability  of  these 
optically  pumped  plasmas  is  ensured  by  the  absence  of  an  external  electric  field  and  electron 
impact  ionization.  The  present  data  (in  particular,  strong  vibrational  excitation  of  O2),  suggest 
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that  oxygen  might  also  play  an  important  role  in  vibrationally  stimulated  ionization  kinetics.  In 
addition,  high  concentrations  of  vibrationally  excited  molecules  in  optically  pumped  air  plasmas 
might  also  affect  the  electron  removal  rates,  i.e.  recombination  and  attachment.  Discussion  of 
these  issues  is  beyond  the  scope  of  the  present  work.  Recent  studies  of  rates  and  mechanisms  of 
ionization,  recombination,  and  electron  attachment  in  optically  pumped  air  plasmas,  as  well  as 
their  stability,  are  discussed  in  our  separate  publication  [34]. 

Comparison  of  the  experimental  data  with  the  modeling  calculations  provides  insight  into 
kinetics  of  vibrational  energy  transfer  among  diatomic  species  and  energy  transport  in 
nonuniform  optically  pumped  gases.  However,  the  results  suggest  that  the  rates  of  V-V  exchange 
for  CO-N2,  and  especially  those  for  CO-O2,  are  not  known  with  sufficient  accuracy.  Further 
optical  pumping  experiments  using  complementary  infrared  and  Raman  diagnostics  would  allow 
inference  of  the  rates  of  these  key  energy  transfer  processes. 

6.  Appendix 

Notations: 

T  -  translational  temperature 

C0ei  and  xei  -  vibrational  quantum  and  anharmonicity  of  the  species  i,  respectively 
v,  w  -  vibrational  quantum  numbers 

PijV  V  l  -  rate  coefficient  of  V-T  relaxation  of  the  species  /  from  level  v  to  level  v-1  by  the  species 
j,  cm3/sec 

TyP  -  vibrational  relaxation  time  of  the  species  1  by  the  species  j  times  pressure,  atmpsec 
Qij(v,w-1— >v-l,w)  -  rate  coefficient  of  V-V  exchange  between  the  species  rand  j,  cm3/sec 
Z  -  gas-kinetic  collision  frequency,  cm3/sec 

V-T  rate  parametrization: 

FW=|(3-«-“',)e-“'*,  A£  =  f0„(l-2^.,v) 

P(T)= _ —  — _ 

IJ  (t y  P)  F{X)f )  [l  -  exp  (-o)e/  /  70  ] 


(Al) 

(A2) 

(A3) 
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T(JP=ex])(Aij  +  BtJT  1/3  +  CyT  2/3 )  atm  jisec 


(A4) 


Table  Al.  Parameters  used  in  the  V-T  rate  expressions  (Eqs.  A1-A4) 


Species 

cu 

Ay 

Bij 

Cy 

CO-Ar,  N2-Ar,  02-Ar 

1.335e-3 

10.38 

0 

0 

CO-M 

0.25 

-15.23 

280.5 

-549.6 

n2-m 

0.25 

-12.54 

258.9 

-390.9 

o2-m 

0.25 

-14.0 

205 

-295 

V-V  rate  parametrization: 


Q0{v,w-l-*v-l,w)=  Z(Svw-iw  +  Lvwv. Tlr) e_A£/2r 
A  E = toei  (1  -  2xelv)  -  Q)eJ  (1  -  2xeJv) 


V,  v-\  _  r  rp _ 

°w-\,w  ~  °  ’  1  j  _ 


W 


Xavl-X,jW 


HK’-t.) 


F«  =  i  (3-  ,  V£.  =  2",',^||AE| 


T  V,  V-l  __ 


fl,rl 

v  -  >  V 


^  gw~l,w  ^ 


£ 


1.0 


exp 


AE2  > 

^FJ 


(A5) 

(A6) 

(A7) 

(A8) 


f 

V 


8 


V.K-l 


8 


.1.0 


Y 

>• 


'  a  +  l  V  r(a-t-2-2v)(a  +  4-2r) 
^a  +  3-2rJ  a(a  +  3-v) 


a  =  1/ xe, 


(A9) 


Table  A2.  Parameters  used  in  the  V-V  rate  expressions  (Eqs.  A5-A9) 


Species 

s 

L 

cjt1 

b.K 

CO-CO 

1.64e-6 

1.614 

0.456 

40.36 

n2-n2 

1.0e-7 

- 

0.120 

- 

02-02 

7.0e-8 

- 

0.185 

- 

co-n2 

7.0e-8 

0.03 

0.185 

87.67 
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N2-02 

l.Oe-7 

- 

0.120 

- 

C0-02 

7.0e-8 

0.03 

0.185 

87.67 

Z=310  10(T/300)1/2  cm3/s 


V-E  rate  CO0?Z)+M->CO(Aln)+M: 
kvE=10‘12  cm3/s 
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Figure  1.  Schematic  of  the  experimental  setup  for  emission  spectroscopy 


Figure  2.  Schematic  of  the  experimental  setup  for  Raman  spectroscopy 
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Figure  3.  High-resolution  (0.25  cm1)  CO  infrared  spectrum.  C0/Ar=2/I00,  P=100  torr 
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Figure  4.  Experimental  (CO)  and  theoretical  (CO  and  N2)  distribution  functions  in 
CO/Ar=  2/100  (T=600  K)  and  CO/N2=2/100  (T=450  K)  mixtures.  P=100  torr,  laser  power  is  15 
W 


168 


Tv,  K 


r,  mm 

Figure  5.  Calculated  radial  profiles  of  the  first  level  vibrational  temperatures  of  CO  and  N2  in 
CO/Ar=2/100  and  CO/N2=2/100  mixtures.  P=100  torr. 
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Figure  6.  Calculated  vibrational  distribution  functions  in 
CO/Ar=2/100  mixture.  P=100  torr. 
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Figure  7.  Experimental  and  theoretical  CO  distribution  functions  in 
C0/Ar/02  mixtures.  PCo=2  torr.  Pat=100  torr,  laser  power  is  15  W. 
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Figure  10.  Raman  spectra  of  N2,  CO,  and  02.  P(N2)=670  torr,  P(CO)=40  torr,  P(O2)=30  torr 
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Figure  11.  Experimental  (symbols)  and  calculated  (lines)  centerline  vibrational  populations  of 
N2,  CO,  and  02.  P(N2)=580  torr,  P(CO)=40  torr,  P(O2)=120  torr 


Relative  population 


Figure  12.  Experimental  (symbols)  and  calculated  (lines)  centerline  vibrational  populations  of 
CO  and  N2.  CO/N2=3/100,  P=1  atm 
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CHAPTER  VII. 

THE  EFFECT  OF  SUPERELASTIC  ELECTRON-MOLECULE  COLLISIONS 
ON  THE  VIBRATIONAL  ENERGY  DISTRIBUTION  FUNCTION 


1.  Introduction. 

The  vibrational  energy  transfer  between  diatomic  molecules  and  low-energy  electrons  in 
electron-molecule  collisions 


AB(v)+e  (e)<->AB  (v')h  AB(w)+e  (e  +  Ae),  (1) 

has  been  rather  extensively  studied  before  (see  [1-3]  and  references  therein).  In  Eq.  (1),  AB  is  a 
diatomic  molecule,  e‘  is  an  electron,  AB‘  is  the  intermediate  negative  ion,  v,  v’,  and  w  are 
vibrational  quantum  numbers,  and  e  is  the  electron  energy.  The  results  of  the  Boltzmann 
equation  solution  for  the  electron  energy  distribution  function  (EEDF)  in  N2  and  CO  plasmas  [1- 
3]  have  shown  that  these  “superelastic”  collisions  strongly  increase  the  number  of  electrons  with 
higher  energies.  This  effect  also  leads  to  a  significant  change  in  the  electron  energy  balance  and 
in  the  electron  impact  excitation  rates.  However,  experimental  measurements  of  the  correlation 
between  the  molecular  vibrational  level  populations  and  EEDF  are  still  not  available.  To  the  best 
of  our  knowledge,  the  only  direct  evidence  of  such  a  correlation  was  obtained  by  measuring  the 
CO  vibrational  distribution  function  (VDF)  in  a  CO-Ar-He  mixture  optically  pumped  by  a  CO 
laser,  with  and  without  electrons  present  in  the  gas  [4].  In  this  experiment,  CO  was  vibrationally 
excited  up  to  v~40  due  to  vibration-vibration  (V-V)  pumping  [5],  and  the  electrons  in  an  optical 
cell  containing  the  mixture  were  produced  by  the  vibrationally-stimulated  ionization  process 

CO(v)  +  CO(w)->CO  +  CO+  +e 

Ev  +Ew>Eion(CO)  (2) 

In  Eq.  (2),  Ev  is  vibrational  energy  of  the  Vth  CO  vibrational  level,  and  Eion(CO)  is  the  ionization 
potential  of  CO.  The  electrons  were  removed  from  the  cell,  if  necessary,  by;  means  of  a 
Thomson  discharge  between  two  plane  electrodes  placed  in  the  cell.  We  emphasize  that 
ionization  by  neither  laser  beam  nor  by  electric  field  was  observed  (both  the  beam  power  density 


174 


and  the  applied  voltage  were  typically  very  low).  As  is  well  known,  in  a  completely  non-self- 
sustained  Thomson  discharge  [6]  the  electron  concentration  between  the  electrodes  can  be 
dramatically  reduced  (up  to  several  orders  of  magnitude)  simply  by  increasing  the  discharge 
voltage  (e.g.  see  Fig.  1,  Ref.  [4]).  This  effect  allowed  efficient  control  of  the  electron  number 
density  in  the  experiments  [4].  It  was  observed  that  with  the  electrons  present  in  the  gas,  relative 
populations  of  the  low  vibrational  levels  of  CO  (v<15)  are  greater,  while  populations  of  the  high 
levels  are  smaller,  compared  to  their  values  in  the  “electron-free”  environment  (see  Fig.  2).  This 
quite  noticeable  effect  was  qualitatively  explained  by  vibrational  energy  transfer  by  electrons 
from  the  high  toward  the  low  vibrational  levels  of  CO. 

The  present  work  presents  a  detailed  simulation  of  the  process  based  on  the  numerical 
solution  of  master  equation  for  the  CO  VDF  coupled  to  the  Boltzmann  equation  for  EEDF. 

2.  Kinetic  model. 

The  explicit  form  of  master  equation  for  the  VDF  and  Boltzmann  equation  for  the 
symmetric  part  of  the  EEDF  used  in  the  present  calculations  can  be  found  in  [7,8,3].  The  kinetic 
model  used  takes  into  account  CO  vibrational  excitation  by  resonance  absorption  of  CO  laser 
radiation,  vibration-to-translation  (V-T)  relaxation  in  CO-Ar  and  in  CO-CO  collisions, 
vibration-to-vibration  (V-V)  exchange  in  CO-CO  collisions,  and  collisional  near-resonance 
vibration-to-electronic  (V-E)  energy  transfer  CO(X1E,  v=40)+M  -»  CO(A1n,  v=0)+M.  The  rates 
of  these  processes  were  taken  to  be  the  same  as  in  [7,8].  The  collision  integral  in  the  Boltzmann 
equation  incorporates  elastic  scattering  of  electrons  on  CO  molecules  and  Ar  atoms,  inelastic 
processes  of  Eq.  (1)  for  0<v,w<40,  |v-w|<10,  as  well  as  electronic  excitation  and  ionization  of 
CO  and  Ar.  Elastic  scattering  cross-sections,  vibrational  excitation  cross-sections  (s)  of  the 

process  (1)  for  0<w<10,  electronic  excitation  and  ionization  cross-sections  of  CO  were  taken  to 
be  the  same  as  in  [2].  Cross-sections  for  collision  of  electrons  with  Ar  are  taken  from  [9].  The 
vibrational  cross-sections  for  other  values  of  v  and  w  were  evaluated  by  two  different  methods, 
as  has  previously  been  done  in  [3]: 

(i)  Cross-section  set  I.  From  the  semi-empirical  theory  by  Chen  [10],  adjusted  to  fit  the  few 
available  experimental  cross-sections,  a0^w(e) ,  (see  [1,2,10]  for  more  details). 

(ii)  Cross-section  set  II.  Simple  extrapolation  of  available  experimental  cross-sections  to  the 
higher  vibrational  levels  with  an  energy  correction: 
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(3) 


<Tv_*w(e)  =  a0^lw_v|(e  +  5E)  ,8E  =  E|w_v,  -  (Ew  -Ev) 

We  realize  that  use  of  method  [10]  for  the  high  vibrational  quantum  numbers,  for  which  no 
experimental  data  are  available,  may  well  be  inaccurate.  For  this  reason  we  used  the  Set  II  cross- 
sections  to  estimate  the  influence  of  the  cross-section  model  on  the  results.  The  effect  of  elastic 
collisions  of  vibrationally  excited  molecules  with  electrons  (v=w  in  Eq.  1)  on  the  total  elastic 
scattering  cross-section  [1,2]  is  also  incorporated. 

3.  Results  and  discussion. 

The  results  of  calculations  for  the  experimental  conditions  of  Ref.  [4],  P=100  torr,  T=700 
K,  CO/Ar=3%/97%  are  presented  in  Figs.  3-6. 

First,  the  calculations  were  carried  out  in  the  absence  of  the  external  electric  field,  so  that 
superelastic  collisions  with  the  CO  molecules  (1)  were  assumed  to  be  the  only  possible  source  of 
excitation  of  electrons  that  are  produced  in  process  (2).  These  are  produced  with  fairly  low 
energy,  eel  eV.  The  electron  concentration  was  found  from  the  balance  equation 

^lion  —  ^ion^CO  —  >  (4) 

Ev+Ew£Eion 


where  kj0n  is  the  rate  constant  of  process  (2),  nco  and  ne  are  concentrations  of  CO  molecules  and 
electrons,  respectively,  fv  is  the  relative  population  of  vibrational  level  v,  and  (3=1  O'8  cm3/s  is  the 
rate  of  dissociative  recombination.  The  vibrational  distribution  function  fv  has  been  measured  in 
[4]  (see  Fig.  3).  Ionization  rate,  kiOn=(8±5)10'15  cm3/s,  inferred  from  the  measurement  of  the 
Thomson  discharge  current-voltage  characteristics,  should  be  appropriately  corrected  for  the  CO 
laser  beam  width,  which  was  overlooked  in  Ref.  [4]: 


®Qion 


(5) 


In  Eq.  (5),  Is=6.6  |iA  is  the  Thomson  discharge  saturation  current,  d=3  mm  and  L=2  cm  are  the 
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laser  beam  effective  diameter  and  the  electrode  length  in  the  beam  direction,  respectively.  With 
this  correction  taken  into  account,  kiOn=(2.5±1.5)10'14  cm3/s.  From  Eq.  (4),  the  baseline  case 
electron  concentration  was  found  to  be  ne=210n  cm'3  (ionization  fraction  ne/n~10'7).  Taking  into 
account  a  substantial  uncertainty  in  kion  and  p,  this  number  was  varied  in  the  calculations. 

Note  that  at  these  conditions  ionization  and  recombination  processes,  not  incorporated  in 
the  collision  integral,  can  not  significantly  affect  the  electron  energy  distribution  function  since 
the  frequency  of  the  superelastic  collisions  is  much  greater  than  ionization  and  recombination 
frequency: 


<*vibveinco  ~  108  s  1  »  pne  ~  103  s"1  (6) 

In  Eq.  (6),  avib~10'15  cm2  is  the  vibrational  excitation  cross-section  and  vei~107  cm/s  is  the 
average  electron  velocity. 

Figure  3  shows  that  the  calculated  CO  VDF,  agreeing  very  well  with  the  experimental 
data  for  the  “plateau”  region  (v>  1 5) ,  substantially  overestimates  the  populations  of  the  lower 
vibrational  levels.  This  is  the  result  of  the  line-of-sight  integration,  which  differently  affects  the 
collected  signal  for  the  different  regions  of  infrared  spectrum,  thereby  perturbing  the  observed 
VDF,  as  was  previously  discussed  in  [11].  Note  that  the  set  of  vibrational  energy  transfer  rates 
used  gives  excellent  agreement  with  the  experimental  VDFs  obtained  under  spatially 
homogeneous  conditions  (see  [1 1  j  and  references  therein).  The  EEDF,  also  shown  in  Fig.  3,  is 
Boltzmann-like  up  to  electron  energy  about  e=3  eV,  where  it  sharply  drops.  This  cut-off  simply 
reflects  the  fact  that  the  kinetic  model  does  not  incorporate  any  molecule-to-electron 
(superelastic)  energy  transfer  process  with  an  energy  defect  higher  than  3  eV,  and  it  may  well  be 
an  artifact.  For  example,  EEDF  measurements  in  decaying  nitrogen  plasma  [12]  show  a 
noticeable  “bump”  at  e~5  eV,  which  is  rather  close  to  the  energy  of  the  long-living  metastable 
electronic  state  N2  (A3Zg) ,  e=6.3  eV.  This  effect  was  explained  by  energy  transfer  to  electrons 
in  superelastic  process 


N  2  ( A3Xp  +  e"  (e)  -4  N  2  (X1! J )  +  e’  (e  +  Ae) ,  (7) 
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which  is  consistent  with  the  results  of  the  Boltzmann  equation  kinetic  modeling  [3].  A  similar 
process  with  participation  of  the  metastable  electronic  state  CO(a3n) ,  e=5.5  eV,  observed  in 
other  optical  pumping  experiments  [13],  is  quite  possible.  Unfortunately,  lack  of  the  kinetic  rates 
of  the  V-E  transfer  that  primarily  populates  the  a3n  electronic  state  in  the  optical  cell  does  not 
allow  reliable  determination  of  the  CO(a3n)  concentration.  However,  the  inclusion  of  such  more 
energetic  processes  is  unlikely  to  change  the  EEDF  shape  below  e=3  eV.  Finally,  one  can  see 
from  Fig.  3  that  the  EEDFs  obtained  with  two  different  inelastic  cross-sections  sets  are  very 
close. 

The  calculated  steady-state  first  level  vibrational  temperature  is  Tv=4100  K,  while  the 
electron  temperature  turns  out  to  be  somewhat  higher,  Te=5000-5000  K,  depending  on  the 
electron  concentration. 

The  second  series  of  calculations  was  made  when  a  voltage,  applied  to  the  two  plane 
electrodes  in  the  cell,  is  such  that  the  Thomson  discharge  current- voltage  characteristic  is 
saturated  [4].  The  experimental  saturation  voltage  for  the  CO/Ar=3%/97%  mixture  at  P=100  torr 
and  interelectrode  distance  D=1  cm  is  Us=480  V  [4].  The  corresponding  reduced  electric  field 
value  is  E/N=3.410'16  Vcmz.  At  the  saturation  conditions,  the  steady-state  electron 
concentration  in  the  cell  is  determined  by  ionization  rate  in  the  process  (2)  and  the  electron 
removal  rate  by  the  field,  with  the  collisional  electron  loss  being  negligible  [4]: 


®emax 


Qiun^O 

We  J 


(8) 


where  qi0„  is  given  by  Eqs.  (4,5)  and  |i*  is  the  electron  mobility,  }j^~103  cm2/V/s.  One  can  see  that 
ne<4- 108  cm'3,  which  is  much  lower  than  ne  in  the  field-free  environment  (see  also  Fig.  1). 

In  these  calculations,  it  was  found  that  the  VDF  is  almost  completely  unaffected  by  the 
electrons  due  to  their  veiy  low  concentration  (ionization  fraction  ne/n~10'10).  We  may  therefore 
consider  this  regime  electron-free.  Figures  4  and  5  demonstrate  both  the  experimental  and  the 
calculated  ratio  of  relative  populations  of  CO  vibrational  levels  with  and  without  electrons.  One 
can  see  that  the  results  of  calculations  correctly  reflect  the  main  tendency  of  overpopulating  of 
the  low  levels  (v<15)  by  the  electrons  and  depopulating  of  the  high  levels.  The  qualitative 
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explanation  of  this  effect,  previously  given  in  [4],  is  that  in  the  steady-state  for  the  vibrational 
levels  with  the  “local"  vibrational  temperature  higher  than  Te, 

T-(v)=-ft>T"  <9) 

the  process  of  vibrational  energy  transfer  to  the  electrons  is  more  probable  that  the  reverse  one. 
Obviously,  the  condition  (9)  is  satisfied  for  the  high  vibrational  levels  in  the  plateau  region  of  the 
VDF  (see  Fig.  3,  the  left-hand-side  of  Eq.  (9)  is  just  a  reciprocal  slope  of  the  VDF).  For  the  low 
levels,  where  the  “local”  vibrational  temperature  is  close  to  the  first  level  temperature,  Tyib(v)  < 
Te,  and  the  opposite  is  true,  so  that  electrons  supply  energy  to  the  vibrational  mode. 

Figures  4,5  show  that  the  observed  effect  is  proportional  to  the  electron  concentration, 
and  the  value  ne=210n  cm'3  gives  the  best  agreement  with  experiment.  This  value  is  consistent 
with  the  electron  number  density  inferred  from  the  optical  pumping  experiment  [4],  and  confirms 
that  vibrationally-stimulated  ionization  is  capable  of  producing  rather  large  steady-state  electron 
concentrations,  with  ionization  fractions  up  to  ne/n=10'7.  This  number  is  comparable  with  the 
ionization  fraction  of  the  glow  discharge.  From  Fig.  5  one  can  see  that  the  vibrational  population 
ratio  at  the  high  vibrational  levels  is  reproduced  rather  poorly,  the  results  being  quite  close  for 
both  sets  of  cross-section  used.  This  demonstrates  inaccuracy  of  both  approaches  of  the  cross- 
section  calculations  at  the  high  vibrational  levels.  Therefore  incorporation  of  moxe  advanced 
cross-section  model ,  e.g.  [14],  should  be  considered. 

Figure  6  compares  the  “no  field”  EEDF  (n«;=210n  cm'3)  with  the  one  at  the  saturation 
conditions  (ne=4108  cm'3),  when  the  electrons  obtain  most  of  their  energy  from  the  applied  field. 
The  applied  voltage  results  in  the  dramatic  increase  of  the  number  of  high-energy  electrons 
(Te=3.5  eV),  so  that  the  calculated  electron  impact  ionization  rate  becomes  rather  high, 
kimp.ion.=2T0'13  cm3/s.  At  these  conditions,  impact  ionization  frequency  sharply  rises  and  may 
become  comparable  with  that  of  the  vibrationally  simulated  ionization  (2),  kimp.ionnne/qion~0.2- 
0.3,  despite  the  very  low  ionization  fraction.  In  a  CO/Ar=3%/97%  mixture,  impact  ionization 
resulted  in  a  breakdown  in  the  cell  at  U=US  [4]. 

4.  Summary. 
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Interaction  of  highly  vibrationally  excited  CO  molecules  with  the  low-energy  electrons  is 
studied  using  kinetic  modeling.  Comparison  with  experimental  measurements  in  optically 
pumped  CO  [4]  explains  the  observed  effect  of  vibrational  energy  transfer  by  electrons  from  the 
high  toward  the  low  vibrational  levels.  The  best  agreement  is  obtained  for  the  electron 
concentration  in  the  cell  ne=2-10n  cm'3,  which  is  consistent  with  the  previous  measurements  of 
the  vibrationally  stimulated  ionization  rate  [4]. 

Reasonable  agreement  between  the  experimental  data  and  the  results  of  kinetic  modeling 
calculations  provides  better  insight  into  kinetics  of  energy  exchange  between  vibrationally 
excited  molecules  and  electrons.  The  present  model  might  also  be  useful  in  studying  CO(a3n) 
kinetics.  As  a  matter  of  fact,  CO(a3n)  together  with  CO(X*Z,v)  has  been  considered  as  possible 

precursor  of  ionization  [15].  Also,  recent  experiments  on  CO(a3n)  formation  in  the  optically 
pumped  cell  [13]  suggest  that  the  V-E  transition 

COlX^v  =  25)  +  CO  -»  CO(a3n,v  =  0)  +  CO  (10) 

may  require  presence  of  some  low-energy  electrons,  presumably  incapable  of  direct  impact 
excitation  of  the  a3n  state.  Therefore,  it  is  conceivable  that  processes  (1),  (2),  and  (10)  are 
closely  related.  For  example,  CO'  ion  formation  in  vibrational  excitation  process  (1),  with 
electrons  produced  in  the  vibrationally-stimulated  ionization  (2),  might  be  an  intermediate  stage 
for  process  (10). 

The  experimental  setup,  previously  used  in  the  optical  pumping  experiments  [4,7]  has  a 
capability  of  creating  strongly  nonequilibrium,  fully  controlled  environment,  where  vibrational 
temperature  and  electron  concentration  can  be  independently  varied.  Further  time-resolved 
experiments  using  step-scan  FT  IR/Visible/UV  spectrometer  are  expected  to  yield  additional 
kinetic  rate  data,  including  vibrational  excitation  cross-sections  (1)  for  the  high  vibrational 
levels,  state-resolved  rates  of  ionization  (2),  and  CO(a3n)  production  (10). 
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na,  cm 


Figure  1.  Theoretical  electron  and  ion  concentration  distributions  in  Thomson  discharge  between 
two  plane  electrodes  in  a  saturation  regime  [4].  External  ionization  occurs  in  a  narrow  region 
midway  between  the  electrodes.  Gaussian  curve  n^n*  shows  the  distributions  with  no  field  applied. 


Figure  2.  The  effect  of  electron  removal  by  means  of  Thomson  discharge  on  the  CO  vibrational  level 
populations  [4],  “Field  ON”  means  “no  electrons”  (see  also  Fig.  1). 
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Figure  3.  Experimental  [4]  and  calculated  CO  VDF.  Calculated  EEDF  for  two  inelastic  cross- 
section  sets.  CO:Ar=3:97,  P=100  torr,  T=700  K,  Tv=4100  K,  Te=5200  K,  ne=210n  cm'3,  no 
external  electric  field  applied. 
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Figure  4.  Experimental  and  calculated  ratio  of  CO  vibrational  level  populations  with  the 
electrons  present  (no  field  applied)  and  without  electrons  (saturation  voltage  applied)  for  two 
inelastic  cross-section  sets  used.  CO:Ar=3:97,  P=100  torr,  T=700  K. 
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Figure  5.  Experimental  and  calculated  ratio  of  CO  vibrational  level  populations  with  the 
electron  present  (no  field  applied)  and  without  electrons  (saturation  voltage  applied)  for 
different  electron  concentrations.  CO:Ar=3:97,  P=100  torr,  T=700  K. 


Electron  energy  distribution 


Figure  6.  EEDF  with  no  field  applied  (ne=2-10n  cm'3,  Te=5200  K)  and  in  the  saturation  limit 
(ne=4108  cm'3,  Te=3.5  eV).  CO:Ar=3:97,  P=100  torr,  T=700  K. 
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CHAPTER  VIII. 

IONIZATION  MEASUREMENTS  IN  OPTICALLY  PUMPED  DISCHARGES 


1.  Introduction 

Nonequilibrium  optically  pumped  environments  can  be  produced  by  resonance 
absorption  of  infrared  laser  radiation  by  molecules  in  the  low  vibrational  quantum  states, 
with  subsequent  vibration-to-vibration  (V-V)  pumping  up  to  high  vibrational  levels  [1], 

AB(v)  +  AB(w)  ->  AB(v  - 1)  +  AB(w  + 1)  (1) 

In  Eq.  (1),  AB  stands  for  a  diatomic  molecule,  and  v  and  w  are  vibrational  quantum  numbers. 
This  approach  allows  sustaining  strong  vibrational  disequilibrium  at  high  densities  and  a  low 
power  budget.  Optical  pumping  by  a  CO  laser  has  been  previously  achieved  in  gas  phase  carbon 
monoxide  [2-7]  at  pressures  of  up  to  20  atm  [2],  gas  phase  nitric  oxide  [8-9],  liquid  phase  CO 
[10,11],  and  solid  CO  and  NO  matrices  [12,13].  Recently,  optical  pumping  has  also  been 
demonstrated  in  infrared  inactive  gases,  such  as  nitrogen  and  air,  at  atmospheric  pressure  [14].  In 
this  case,  N2  and  02  molecules  become  vibrationally  excited  by  near-resonance  V-V  energy 
transfer  from  CO, 


CO(v)  +  N2(w)  -*CO(v-1)  +  N2(w  +  1)  (2) 

C0(v)  +  02(w)  ->  CO(v-l) +02(w  +  l)  (3) 

In  the  experiments  of  Refs.  [2-14],  the  CO  laser  power  was  fairly  low,  ranging  from  a  few 
Watts  to  200  W  c.w. 

Ionization  in  optically  pumped  gases  is  produced  by  an  associative  ionization  mechanism, 
in  collisions  of  two  highly  vibrationally  excited  molecules  when  the  sum  of  their  vibrational 
energies  exceeds  the  ionization  potential  [15,6,16], 

AB(v)  +  AB(w)  (AB)  2  +  e" , 

E  +E  >  E.  (4) 

v  w  ion 
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Ionization  of  carbon  monoxide  by  this  mechanism  has  been  previously  observed  in  CO-Ar 
gas  mixtures  optically  pumped  by  resonance  absorption  of  CO  laser  radiation  [6,16].  The 
estimated  steady-state  electron  density  sustained  by  a  10  W  CO  laser  in  optically  pumped 
CO/Ar/He  plasmas  with  the  high  vibrational  level  populations  of  nCo(v~30)-1015  cm'3  is 
ne~1010-10u  cm'3  [16]. 

It  is. remarkable  that  ionization  mechanism  of  Eq.  (4)  appears  to  be  unconditionally 
stable  with  respect  to  the  heating  instability  [17].  In  high-pressure  electric  discharge 
plasmas,  this  instability  is  produced  by  the  positive  feedback  between  the  gas  heating  and 
the  electron  impact  ionization  rate.  Therefore  small  electron  density  perturbations, 
producing  excess  Joule  heat,  result  in  a  more  rapid  electron  production  and  eventually  lead 
to  runaway  ionization.  Indeed,  in  optically  pumped  plasmas  both  the  upper  level 
populations  and  the  electron  production  rate  sharply  drop  with  temperature  because  of  the 
exponential  rise  of  the  vibration-translation  (V-T)  relaxation  rates  [18].  This  creates  a 
negative  feedback  between  the  gas  heating  and  the  ionization  rate,  which  precludes  the 
instability  development.  This  effect  shows  a  possibility  of  sustaining  unconditionally 
stable,  strongly  nonequilibrium  optically  pumped  plasmas  in  high-pressure  environments. 
Such  plasmas  would  have  a  decisive  advantage  over  electric  discharge  sustained  plasmas, 
which  are  difficult  to  control  at  high  pressures.  These  plasmas  would  find  numerous 
applications  in  high-yield  mode-selective  chemical  synthesis  and  high-speed  aerodynamics. 
In  particular,  recent  results  on  anomalous  shock  wave  propagation  in  nonequilibrium  gas 
discharges  (see  [19,20]  and  references  therein)  suggest  the  possibility  of  wave  drag 
reduction  and  supersonic  flow  control  by  plasmas.  This  provides  a  strong  motivation  for 
exploring  the  approaches  to  sustain  stable  optically  pumped  plasmas  in  atmospheric- 
pressure  air. 

The  present  work  represents  a  first  effort  to  study  the  effect  of  adding  air  species  to 
optically  pumped  CO/Ar  plasmas  on  the  electron  production  and  removal  kinetics.  The  main 
objective  is  to  investigate  the  role  of  additives,  such  as  N2,  02,  and  NO,  in  the  associative 
ionization  process  of  Eq.  (4)  and  to  explore  the  effect  of  such  additives  on  the  electron  removal 
rate  in  the  plasma. 
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2.  Experimental 

To  address  the  issues  discussed  in  Section  1,  ionization  measurements  using  non-self- 
sustained  DC  and  RF  discharges  have  been  conducted  in  optically  pumped  plasmas  sustained  by 
a  CO  laser.  The  use  of  the  non-self-sustained  discharges  precludes  electron  impact  ionization  and 
thereby  allows  identification  of  the  associative  ionization  mechanism  of  Eq.  (4)  [6,16]. 

The  schematic  of  the  experimental  setup  is  shown  in  Fig.  1.  A  carbon  monoxide  laser  is 
used  to  irradiate  a  gas  mixture  of  CO  and  Ar,  with  additives  such  as  N2,  NO,  02,  or  air,  which  is 
slowly  flowing  through  the  pyrex  glass  optical  absorption  cell  shown.  The  residence  time  of  the 
gas  mixture  in  the  cell  is  about  1  sec.  The  liquid  nitrogen  cooled  CO  laser  was  designed  in 
collaboration  with  the  University  of  Bonn  and  fabricated  at  Ohio  State.  It  produces  a  substantial 
fraction  of  its  power  output  on  the  v  =  l-»  0  fundamental  band  component  in  the  infrared.  The 
laser  can  operate  at  more  than  100  W  continuous  wave  (c.w.)  power.  However,  in  the  present 
experiment,  the  laser  is  typically  operated  at  20  W  c.w.  broadband  power  on  the  lowest  ten 
vibrational  bands,  with  up  to  ~0.3  W  on  the  v  =  l-»  0  component.  The  output  on  the  lowest 
bands  (1— »  0  and  2— >  1)  is  necessary  to  begin  the  absorption  process  in  cold  CO  (initially  at  300 
K)  in  the  cell.  The  Gaussian  laser  beam  of  -6  mm  diameter  can  be  focused  to  a  focal  area  of  -1 
mm  diameter  to  increase  the  power  loading  per  CO  molecule,  providing  an  excitation  region  in 
the  cell  of  -2  mm  diameter.  The  absorbed  laser  power  is  typically  5-6  W  over  the  absorption 
length  of  12.5  cm,  which  gives  an  absorbed  power  density  of  10  W/cm3  for  the  focused  laser 
beam. 

The  lower  vibrational  states  of  CO,  v<10,  are  populated  by  direct  resonance  absorption  of 
the  pump  radiation  in  combination  with  rapid  redistribution  of  population  by  the  V-V  exchange 
processes.  The  V-V  processes  then  continue  to  populate  the  higher  vibrational  levels  above 
v=10,  which  are  not  directly  coupled  to  the  laser  radiation  (see  Eq.  (1)).  The  large  heat  capacity 
of  the  Ar  diluent,  as  well  as  conductive  and  convective  cooling  of  the  gas  flow,  allow  us  to 
control  the  translational/rotational  mode  temperature  in  the  cell.  In  steady-state  conditions,  when 
the  average  vibrational  mode  energy  of  the  CO  would  correspond  to  a  few  thousand  degrees 
Kelvin,  the  temperature  never  rises  above  a  few  hundred  degrees.  Thus  a  strong  disequipartition 
of  energy  can  be  maintained  in  the  cell,  characterized  by  very  high  vibrational  mode  energy  and 
a  low  translational/rotational  mode  temperature.  As  shown  in  Fig.  1,  the  population  of  the 
vibrational  states  of  the  CO  in  the  cell  is  monitored  by  infrared  emission  spectroscopy.  For  this 
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purpose,  a  Bruker  Fourier  transform  IFS  66  spectrometer  is  used  to  record  the  spontaneous 
emission  from  the  CO  fundamental,  first  and  second  overtone  bands  through  a  window  on  the 
side  of  the  cell. 

Two  3  cm  diameter  brass  plate  electrodes  are  placed  in  the  cell  as  shown  in  Fig.  2,  so  that 
the  laser  beam  creates  a  cylindrical  excited  region  between  the  electrodes.  The  probe  electrodes, 
which  are  typically  8  to  12  mm  apart,  can  be  connected  to  a  DC  or  to  an  RF  power  supply.  A 
reversible  polarity  DC  power  supply  (Thom  EMI  GENCOM  Inc.,  Model  3000R)  produced 
voltage  that  could  be  varied  between  0-3000  V.  The  current  was  measured  with  a  Keithley  2001 
multimeter,  with  a  1  MQ  resistor  connected  in  series  with  the  cell  to  protect  the  multimeter  in 
case  of  breakdown.  The  RF  voltage  at  a  frequency  of  v=10  MHz  was  produced  by  an  HP 
function  generator  used  as  power  supply  without  further  amplification.  Ionization  of  CO 
molecules  in  the  cell  occurs  by  an  associative  ionization  mechanism  (4).  In  both  DC  and  RF 
experiments,  the  reduced  electric  field  E/N  was  deliberately  kept  low  to  preclude  electron  impact 
ionization. 

The  electron  production  rate  per  unit  volume  of  the  plasma  is  determined  from  the 
saturation  current  of  the  DC  Thomson  discharge  between  the  electrodes  [6,16], 

end2D/4  ’  (5) 

where  ckl.O  and  0.2  cm  are  the  diameters  of  the  excited  regions  created  by  the  unfocused 
and  the  focused  beams,  respectively,  D=3  cm' is  the  electrode  diameter,  and  rcd2D/4  is  the  volume 
of  the  excited  region.  The  excited  region  diameter  was  estimated  from  the  diameter  of  the  visible 
blue  glow  of  the  Cz  Swan  band  radiation,  strongly  coupled  with  high  vibrational  levels  of  CO 
[61. 

The  electron  density  was  inferred  from  the  RF  conduction  current  between  the  electrodes, 
Ic,  and  the  applied  RF  voltage,  U  [21], 


(6) 
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The  conduction  current  was  evaluated  by  measuring  the  voltage  drops  on  a  resistor  R=50 
Ohm  connected  in  series  with  the  discharge  gap  with  the  laser  turned  on  and  off,  UR>0„  and  UR,0fr, 
using  a  100  MHz  HP54600B  oscilloscope,  Ic=(UR,on-UR.0fr)/R.  Note  that  Eqs.  (5,6)  are 
approximate  since  they  do  not  account  for  the  electrode  edge  effects,  as  well  as  the  voltage  drops 
across  the  sheaths  in  the  RF  discharge.  Therefore  they  somewhat  underestimate  both  the  electron 
production  rate  and  the  electron  density. 

3.  Results  and  Discussion 

3.1.  DC  Thomson  discharge  measurements 

Figure  3  shows  vibrational  population  distribution  functions  (VDF)  of  carbon  monoxide 
inferred  from  high-resolution  (0.25  cm1)  CO  infrared  emission  spectra  recorded  by  the  FT 
spectrometer.  Vibrational  level  populations  are  inferred  from  the  spectra  using  a  standard 
technique  [22].  These  measurements  are  made  in  a  CO/Ar  mixture  at  a  total  pressure  of  P=100 
Torr,  at  different  CO  partial  pressures  in  the  cell.  The  translational/rotational  temperatures  at 
these  conditions,  inferred  from  the  rotationally  resolved  R-branch  of  the  l->0  CO  fundamental 
band  with  an  accuracy  of  ±10  K,  are  also  shown  in  Fig.  3.  The  distributions  shown  in  these 
figures  are  the  well-known  "V-V  pumped"  distributions  [23,24],  maintained  by  the  rapid 
redistribution  of  vibrational  energy  by  the  V-V  processes,  which  pump  energy  into  the  higher 
vibrational  levels.  They  are  obviously  extremely  non-Boltzmann,  and  champerized  by  high 
population  of  the  upper  vibrational  levels.  Note  that  as  the  CO  partial  pressure  increases,  the  high 
vibrational  level  populations  v~35-40  drop,  both  because  of  the  lower  energy  loading  per  CO 
molecule  and  because  of  the  translational  temperature  rise. 

Typical  current  voltage  characteristics  of  the  DC  discharge,  sustained  by  the  unfocused 
and  focused  10  W  CO  laser  beams  in  a  CO/Ar=3/100  mixture  at  P=100  Torr,  are  shown  in  Fig. 

4.  One  can  see  that  the  discharge  current  reaches  saturation  at  Us=300  V,  Is=2.5  pA,  when  the 
laser  is  unfocused,  and  11^600  V,  Is=7.0  pA,  when  the  laser  is  focused.  In  the  saturation  regime, 
the  current  continues  to  rise  with  the  applied  voltage  because  of  the  finite  size  of  the  electrodes 
that  draw  current  from  an  increasingly  larger  region.  As  can  also  be  seen  from  Fig.  4,  at  U=1400- 
1600  V,  electron  impact  ionization  starts  contributing  to  the  discharge  current,  which  increases 
by  about  an  order  of  magnitude,  up  to  1=100  pA.  In  this  region,  the  discharge  is  still  non-self- 
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sustained  and  extinguishes  after  the  laser  is  turned  off.  Finally,  at  U=2500-2700  V,  breakdown 
occurs  and  the  discharge  collapses  into  an  arc  with  a  current  of  up  to  I~  100- 1000  pA.  When  the 
laser  is  off,  breakdown  and  arcing  also  occur  at  U=2500  V.  Using  Is=2.5  pA  and  7.0  pA  for  the 
two  cases  shown  in  Fig.  4,  determined  at  the  beginning  of  the  saturation  region,  we  obtain 
S=8.01012  l/cm3/s  and  5.6  1014  l/cm3/s  for  the  unfocused  and  the  focused  laser  beam, 
respectively. 

Figure  5  shows  current-voltage  characteristics  of  the  Thomson  discharge  measured  in 
CO/Ar,  CO/Ar/02,  and  CO/N2  mixtures  at  P=100  torr  and  with  a  higher  laser  power  of  20  W. 
One  can  see  that  both  adding  oxygen  and  replacing  Ar  with  N2  reduces  the  electron  production 
rate,  from  S=9.71014  l/cm3/s  (Is=12  pA)  in  CO/Ar,  to  S=5.21014  and  2.01014  l/cm3/s  (Is=6.5 
and  2.5  pA)  in  CO/Ar/02,  and  S=1.61014  l/cm3/s  (Is=2.0  pA)  in  CO/N2.  The  reduction  of  the 
ionization  rate  correlates  with  depletion  of  high  vibrational  level  populations  of  CO  by  V-V 
energy  transfer  to  N2  and  02  (see  Fig.  6,  7),  similar  to  what  has  been  previously  observed  in 
CO/Ar/He  mixtures  [6].  Note  that  the  inferred  electron  production  rates  S  in 
C0/Ar/02=2/I00/0.5  and  in  CO/N2=2/100  are  about  the  same,  while  the  CO  level  populations  in 
the  presence  of  oxygen  are  much  more  strongly  depleted  (see  Figs.  6,  7).  This  suggests  that  02 
molecules,  vibrationally  excited  by  V-V  energy  transfer  between  CO  and  02  (3)  may  also 
contribute  to  associative  ionization  of  Eq.  (4).  This  is  consistent  with  recent  Raman  spectroscopy 
measurements  of  the  N2  and  O2  vibrational  populations  in  optically  pumped  CO/N2/O2  mixtures 
[14].  They  show  that  although  all  three  diatomic  species  (CO,  N2,  and  02)  are  at  strong 
vibrational  disequilibrium,  the  vibrational  temperatures  of  CO  and  02  substantially  exceed  that 
of  N2. 

Figure  8,  which  shows  DC  discharge  saturation  currents  in  CO/Ar/air  and  in  CO/Ar/02 
mixtures  at  P=100  torr,  demonstrates  that  the  current  is  primarily  controlled  by  the  oxygen 
content  in  the  plasma.  A  similar  plot  for  CO/Ar/NO  mixtures  at  P=50  torr  (see  Fig.  9)  actually 
shows  an  increase  of  the  saturation  current  (i.e.  increase  of  the  electron  production  rate)  at  low 
NO  concentrations,  from  Is=23  pA  (S=1.81015  l/cm3/s)  without  NO  to  a  maximum  Is=44  pA 
(S=3.41015  l/cm3/s)  at  Pno=0.2  torr.  This  occurs  even  though  the  high  vibrational  levels  of  CO 
are  strongly  depleted  by  nitric  oxide  (see  Fig.  10).  This  unambiguously  shows  that  NO 
molecules,  which  may  also  become  vibrationally  excited  by  V-V  energy  transfer  between  CO 
and  NO, 


190 


CO(v)  +  NO(w)  ->  CO(v- 1)  +  NO{w+ 1) , 


(7) 


play  an  important  role  in  associative  ionization  kinetics. 

Finally,  from  Figs.  8,  9  it  is  seen  that  small  admixtures  of  O2  and  NO  (less  than  0.1  torr) 
result  in  a  fairly  weak  change  of  the  net  electron  production  rate,  within  50%  from  the  baseline 
value  measured  without  additives.  The  measured  rate  of  electron  production  in  CO/Ar  at  P=20- 
100  torr,  S=9.71014  -  1.81015  l/cm3/s  is  consistent  with  the  ionization  rate  coefficient  kion=(l.l- 
1.8)10'13  cm3/s,  where  kj0n  is  defined  as 


In  Eq.  (8),  fv  and  fw  are  relative  populations  of  the  CO  vibrational  levels,  inferred  from  the 
infrared  spectra  and  plotted  in  Figs.  6,7,10.  This  value  of  kj0n  exceeds  the  result  of  our  previous 
study,  kiOn=2.510'u  cm3/s  [16],  by  almost  an  order  of  magnitude.  However,  the  present 
measurements  of  the  CO  vibrational  level  populations  from  the  high-resolution  CO  FT  spectra 
are  far  more  accurate  than  the  previous  results  [6]  obtained  using  a  low-resolution 
monocl *romator,  and  we  recommend  the  new  value  of  kj0n  as  more  reliable. 

In  these  experiments,  it  has  been  observed  that  when  a  DC  voltage  is  applied  to  the 
electrodes,  a  dark  deposit  rapidly  (within  a  few  minutes)  accumulates  on  the  negative  electrode 
in  CO/Ar  plasmas.  The  deposit  quickly  disappears  when  O2  or  NO  are  added  to  the  cell  gases. 
The  deposit  has  the  shape  of  a  shadow  image  of  the  vibrationally  excited  region  between  the 
plates  (see  Fig.  11).  No  corresponding  deposit  is  formed  on  the  positive  electrode,  and  there  is 
only  a  small  deposition  anywhere  in  the  cell  except  on  the  negatively  biased  electrode,  even  after 
several  hours  of  operation.  We  conclude  that  the  deposit  is  formed  by  positive  ions  moving 
toward  the  negative  electrode  in  the  electric  field.  The  average  positive  ion  mass  was  determined 
from  the  difference  in  the  electrode  weight  before  and  after  the  experiment,  m=AM/t/(I/e)s250 
amu  [25].  These  results  indicate  the  presence  of  large  ion  clusters  in  the  CO/Ar  plasma,  which 
are  apparently  destroyed  by  adding  small  amounts  of  O2  and  NO.  Such  clusters,  having  the 
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general  form  (CO)2C„,  n=l-15,  have  been  previously  observed  in  glow  discharges  in  CO/Ar  and 
CO/He  mixtures  [26].  In  addition,  a  mass  spectrum  of  the  electrode  deposit  shows  a  number  of 
peaks  above  100  amu  [25]  (see  Fig.  12).  Odd  peak  numbers  are  most  likely  due  to  hydrogen 
(water  vapor)  impurities  in  the  cell. 

3.2.  RF  discharge  measurements 

In  this  series  of  measurements,  a  weak  RF  field  with  an  RMS  voltage  (U)=3.5  V  at  a 
frequency  of  v=10  MHz,  produced  by  a  function  generator,  was  applied  to  the  cell  electrodes. 
The  RF  discharge  RMS  conduction  current  did  not  exceed  (Ic)=500  pA.  Therefore,  the 
maximum  power  coupled  to  the  plasma  by  the  RF  field,  (U)(Ic)<2  mW,  was  much  smaller  then 
the  absorbed  laser  power,  ~5W.  This  makes  additional  vibrational  excitation  by  the  RF  field, 
with  subsequent  ionization  by  associative  mechanism  of  Eq.  (4),  negligible.  Figures  13,  14  show 
the  RF  discharge  conduction  current,  (Ic),  measured  in  the  optically  pumped  C0/Ar/02  plasmas 
excited  by  a  focused  CO  laser  at  the  total  pressure  in  the  cell  of  P=100  torr  and  20  torr, 
respectively. 

At  P=100  torr,  in  CO/Ar  plasma  with  no  oxygen  additive  no  conduction  current  has  been 
detected  within  the  accuracy  of  the  present  experiment  (see  Fig.  13).  The  same  result  was 
obtained  in  a  CO/N2  plasma  without  oxygen  added.  We  estimate  a  minimum  detectable 
conduction  current,  (Ic)~(UR,on-UR,0fr>/R,  to  be  about  1%  of  the  displacement  current 
(ID)=(UR,ofi)/R=190  pA,  or  \fA~2  pA.  From  this,  using  Eq.  (6),  one  obtains  an  upper  bound  of 
electron  density  at  these  conditions,  ne<4109  cm'3.  Adding  small  amounts  of  dry  or  room  air  to 
the  CO/Ar  mixture  resulted  in  a  dramatic  conduction  current  rise  up  to  (Ic)=110  pA  with  0.2  torr 
of  dry  air  in  the  cell  (see  Fig.  13).  This  indicates  the  electron  density  increase  by  at  least  a  factor 
of  50  compared  with  both  CO/N2  and  CO/Ar  plasmas  without  oxygen  additive,  up  to  ne=2-1011 
cm'3.  The  results  at  P=20  torr  are  quite  similar  (see  Fig.  14).  The  conduction  current  in  CO/Ar 
and  CO/N2  mixtures  is  (Ic)=12-17  pA,  which  gives  an  electron  density  of  ne=(5-7)109  cm'3. 
However,  with  0.2-0.5  torr  of  air  or  0.1  torr  of  02  added  to  the  CO/Ar  mixture  the  conduction 
current  increases  by  about  a  factor  of  15,  up  to  (Ic)=215  pA,  which  gives  an  electron  density  of 
ne=0.9  1011  cm'3.  We  emphasize  that  the  observed  sharp  electron  density  increase  occurs  despite 
the  fact  that  the  electron  production  rate  S  in  CO/Ar/02  mixtures  actually  somewhat  drops  with 
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the  O2  partial  pressure  (see  Fig.  8).  Since  small  admixtures  of  oxygen  are  unlikely  to  produce  a 
noticeable  change  in  electron  mobility,  this  can  only  mean  that  the  electron  removal  rate 
significantly  decreases  in  the  presence  of  small  amounts  of  oxygen. 

This  result  suggests  a  possible  qualitative  scenario  of  the  apparent  electron  removal  rate 
reduction  in  optically  pumped  CO/Ar/02  and  CO/Ar/N2  plasmas.  Indeed,  the  deposit  formation 
on  the  negative  electrode  due  to  the  heavy  ion  curent  in  the  CO/Ar  plasma  without  additives, 
and  its  absence  in  the  plasmas  doped  with  O?  (see  Section  3.1)  indicate  that  the  dominant 
positive  ions  in  these  two  cases  are  quite  different.  Dimer  ions,  such  as  (C0)2+,  are  known  to 
have  a  very  high  dissociative  recombination  rate,  J3—10"6  cm3/s  [21].  Presumably,  the 
recombination  rate  for  the  heavy  cluster  ions,  such  as  (C0)2Cn+,  which  are  likely  to  be  the 
dominant  ions  in  the  CO/Ar  plasma  without  additives  [26],  might  well  be  even  higher.  On  the 
other  hand,  adding  small  amounts  (tens  of  microtorr)  of  02  to  a  glow  discharge  CO/Ar  plasma 
results  in  destruction  of  cluster  ions  and  their  replacement  by  monomer  ions  such  as  02+  and  C0+ 
[26],  which  have  a  much  slower  recombination  rates,  |3~10'6  cm3/s  [17].  However,  this 
interpretation  leaves  open  the  question  what  role  electron  attachment  to  oxygen  plays  in  these 
strongly  nonequilibrium  plasmas.  Indeed,  one  would  expect  the  electron  density  to  be  reduced  in 
the  presence  of  a  strongly  electronegative  gas  such  as  oxygen,  while  the  present  experiments 
demonstrate  exactly  the  opposite  behavior.  Further  studies  of  ion  composition  of  optically 
pumped  plasmas  using  ion  mass-spectrometry,  such  as  has  been  previously  done  in  CO/Ar  and 
CO/He  glow  discharges  [26]  are  expected  to  provide  new  insight  into  this  problem. 

4.  Summary 

Kinetics  of  ionization  and  electron  removal  in  optically  pumped  nonequilibrium  plasmas 
sustained  by  a  CO  laser  is  studied  using  non-self-sustained  DC  and  RF  electric  discharges. 
Experiments  in  optically  pumped  C0/Ar/N2  mixtures  doped  with  O2  and  NO  demonstrated  that 
associative  ionization  of  CO  by  mechanism  (4)  generates  free  electrons  at  a  rate  up  to  S=1015 
l/cm3/s.  The  ionization  rate  coefficient,  inferred  from  the  CO  vibrational  populations 
measurements,  is  kiOn=(l.l-1.8)10‘13  cm3/s.  It  is  shown  that  excited  NO  and  possibly  O2 
molecules  also  contribute  to  the  vibrationally  stimulated  ionization  process.  In  CO/Ar  plasmas, 
applying  a  DC  bias  to  the  cell  electrodes  resulted  in  rapid  accumulation  of  a  deposit  on  the 
negative  electrode  due  to  a  large  cluster  ion  current.  The  average  mass  of  an  ion  in  this  plasma, 
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estimated  by  measuring  the  mass  of  the  deposit,  is  m=250  a.m.u.,  which  is  consistent  with  the 
mass-spectrometer  analysis  of  the  deposit.  The  deposit  did  not  accumulate  when  small  amounts 
of  02  and  NO  were  added  to  the  CO/Ar  plasma,  which  presumably  indicates  destruction  of  the 
cluster  ions. 

It  is  demonstrated  that  adding  small  amounts  of  02  to  the  optically  pumped  CO/Ar 
plasmas  significantly  increases  the  electron  density,  from  ne=(4-7)-109  cm'3  to  ne=(l-2)10n  cm'3. 
This  effect  occurs  at  a  nearly  constant  (within  50%)  electron  production  rate,  indicating 
substantial  reduction  in  the  overall  electron  removal  rate.  This  reduction  can  be  qualitatively 
interpreted  as  destruction  of  rapidly  recombining  cluster  ions  in  the  presence  of  the  02  additive, 
and  their  replacement  by  monomer  ions  with  a  slower  recombination  rate.  Further  studies  of  ion 
composition  in  optically  pumped  plasmas  are  suggested. 
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Relative  population 


Vibrational  quantum  number 

Figure  3.  Vibrational  distribution  functions  of 
CO  in  different  CO/Ar  mixtures.  P=100  Torr,  CO 
laser  power  is  10  W. 


Current,  uA 


Figure  4.  Current-voltage  characteristics 
of  the  laser-sustained  DC  discharge. 
CO/Ar=3/100,  P=100  Torr,  CO  laser  power  is 
10W. 
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Figure  5.  Current- voltage  characteristics  of 
the  laser-sustained  DC  discharges.  Pco=2  torr, 
P=100  Torr,  CO  laser  power  is  20  W. 
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Figure  6.  CO  vibrational  distribution  function  in 
CO/Ar  (T=600  K)  and  CO/N2  (T=450  K) 
mixtures 
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Figure  7.  CO  vibrational  distribution  function  in  Figure  8.  Thomson  discharge  saturation  current 

C0/Ar/02  mixtures  (T=600,  680,  and  700  K  for  the  02  in  CO/Ar/air  and  C0/Ar/02  mixtures 

partial  pressures  of  0,  0.1,  and  0.5  torr,  respectively) 


Figure  9.  Thomson  discharge  saturation  current 
in  CO/Ar/NO  mixtures 


Figure  10.  CO  vibrational  distribution  function  in 
CO/Ar/NO  mixtures  (T=710,  800,  780,  and  770  K  for 
the  NO  partial  pressures  of  0,  0.05,  0.3,  and  1.0  torr, 
respectively) 
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CHAPTER  IX. 

THE  EXISTENCE  OF  THE  “BOTTLENECK” 

IN  VIBRATIONAL  RELAXATION  OF  DIATOMIC  MOLECULES 


1.  Introduction. 

The  present  work  addresses  the  nature  and  the  conditions  of  existence  of  the  so-called 
“bottleneck”  effect  in  the  vibrational  relaxation  of  diatomic  molecules,  first  discussed  in  [1,2]. 
Theoretical  calculations  of  vibrational  energy  transfer  rates  in  high-temperature  nitrogen  at 
T=4000  K,  based  on  the  “generalized”  SSH  theory  [1],  predict  a  profound  minimum  in  the  rate 
of  molecular  relaxation  as  a  function  of  vibrational  quantum  number  v  [2].  For  example,  Fig.  1 
shows  behavior  of  the  second  moment  of  vibrational  transition  rate  coefficients  M(v), 

M(v)=iX(v_w)2K(v-w)-  (i) 

^  w 


where  K(v,w)  is  the  effective  rate  of  the  molecule  relaxation  from  vibrational  level  v  to  level  w 

[2]: 


K(v,w)=  £fv.-k(v,v,-»w,w‘)  (2) 

v',w' 

In  Eqs.  (1,2),  v,  w,  V,  and  w'  are  vibrational  quantum  numbers,  fV'  is  the  relative  population  of 
vibrational  level  v\  and  k(v,v’— »w,wO  are  individual  transition  rates,  calculated  in  [1].  One  can 
see  a  well-pronounced  minimum  in  M(v)  at  vibrational  energy  that  corresponds  v=25.  The 
transition  moment  M(v)  given  by  Eq.  (1)  is  interpreted  as  a  diffusion  coefficient  in  vibrational 
energy  space  [2],  Therefore,  the  predicted  minimum  (“botdeneck”)  at  the  intermediate 
vibrational  energies  (about  one  half  of  the  molecular  dissociation  energy)  would  mean  slowing 
down  the  vibrational  quanta  flow  toward  the  high  levels  during  the  relaxation  process.  This 
would  also  substantially  decrease  the  molecular  dissociation  rate  for  the  conditions  when 
dissociation  preferentially  occurs  from  the  high  vibrational  quantum  states.  These  effects  have 
been  observed  in  the  master  equation  modeling  of  vibratio  nal  relaxation  of  N2  at  T=8000  K  [1]. 
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Recent  experimental  measurements  of  vibrational  relaxation  rates  in  oxygen  at  T=300  K 
[3-5]  seemingly  confirm  that  this  effect  does  exist  (see  Fig.  2),  at  least  at  the  low  translational 
temperatures.  However,  extrapolation  of  this  conclusion  to  high  temperatures,  based  on  the 
results  of  calculations  [1],  has  no  firm  theoretical  basis.  First,  in  their  calculations  of  vibration- 
translation  (V-T)  and  vibration-vibration  (V-V)  rates,  the  authors  of  [1]  applied  first-order 
perturbation  theory  (SSH  theory,  [6])  to  the  high  energy  molecular  collisions,  and  also  to  multi¬ 
quantum  processes.  However,  it  is  well  known  that  first  order  perturbation  theory  is^fiot 
applicable  to  calculations  of  large  transition  probabilities,  which  can  become  comparable  to  unity 
at  high  collision  energies.  Also,  it  has  been  recently  shown  that  multi-quantum  vibrational 
energy  transfer  occurs  not  by  a  first-order  mechanism  [7],  and  one  has  to  use  an  N-term 
wavefunction  expansion  to  evaluate  the  probability  of  a  process  that  transmits  N  vibrational 
quanta  [8].  Finally,  the  intermolecular  potential  used  in  [1]  is  quite  different  from  the  potential 
obtained  from  ab  initio  calculations. 

In  the  present  work,  we  analyze  the  behavior  of  the  vibrational  energy  diffusion 
coefficient  and  the  conditions  for  the  existence  of  the  “bottleneck”  effect  over  a  large  range  of 
translational  and  vibrational  temperatures.  The  state-specific  vibrational  energy  transfer  rate 
coefficients  are  calculated  on  the  basis  of  non-perturbative  forced  harmonic  oscillator  analytic 
theory  (FHO)  [9-13,7],  that  gives  an  exact  analytic  solution  of  the  Schrodinger  equation  instead 
of  expanding  the  wavefunctions  in  a  series.  The  intermolecular  potentials  used  in  the  calculation^ 
fit  ab  initio  potentials  used  in  3-D  close-coupled  semiclassical  calculations  [14-16].  The  V-T 
and  V-V  rates  predicted  by  the  FHO  theory  are  in  very  good  agreement  both  with  the  results  of 
these  3-D  calculations  for  N2-N2,  02-02,  and  N2-02  and  with  available  experimental  data  in 
oxygen  [3-5]  (e.g.  see  Refs.  [12,7]). 

2.  Results  and  discussion. 

Figures  2,3  show  the  transition  moment  M(e),  similar  to  M(v)  given  by  Eq.  (1), 

M(£v)  =  |E(Ev:2Ew)  K(v,w)  =^X(£v  -£w)2  •  K(v,w) ,  (3) 
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calculated  for  N2  and  O2  at  different  translational  temperatures.  In  Eq.  (3)  and  in  Figs.  2,3, 
Ev=cOeV[l-xe(v+l)]  is  the  energy  of  vibrational  level  v  in  K,  and  ev=Ev/Ei  is  the  dimensionless 
vibrational  energy.  One  can  see  that,  indeed,  V-V  exchange  results  in  a  dramatic  increase  in  M(e) 
at  low  temperatures,  in  agreement  with  experimental  data  (see  Fig.  2).  However,  at  high 
translational  temperatures  such  as  T/Ei>1.5  (T>3000  K  for  O2  and  T>5000  K  for  N2)  the  effect 
becomes  much  smaller  (compare  with  Fig.  1).  One  can  see  that  the  high-temperature  V-V  rates 
calculated  for  realistic  intermolecular  potentials  are  much  smaller  than  obtained  in  Ref.  [1]. 

Note  that  in  the  presence  of  V-V  exchange  the  transition  moment,  given  by  Eqs.  (1,3) 
cannot  be  interpreted  simply  as  a  diffusion  coefficient  in  the  vibrational  energy  space,  as  in  the 
case  when  V-T  relaxation  dominates.  In  the  high  temperature  limit,  when  T/Ei»l,  the  master 
equation  for  the  populations  of  vibrational  levels  of  diatomic  molecules, 


J_dfy 
N  dt 


XMw  ,w'-»  v,v')fwfw'  -  Xk(V>V  -4  W,w')fvfv. 

v' ,w,w’  v'.w.w' 


(4) 


reduces  to  an  integro-differential  equation  [17,18] 


1  3f(e,t) 

n  at 


a 

ac 


f(c)91nfeq(e) 

3e  de 


Jde'f(e,)M1(e,e') 


-f(e)Jde’M2  (£,£') 


af(e')  f(c,)91nfeq(e') 


3e' 


de' 


t. 


(5) 


where 


M,(e,e')  =  ^-^k(v,v'-^  w,w')(ev  -ew)2 

“  w,w* 


(6) 


and 


M2(£,e,)  =  y£k(v,v'->w,w’)|ev-ew||ev.-ew| 


(7) 
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Equation  (5)  may  be  further  reduced  to  a  diffusion-type  equation  if  one  assumes  that  the  V-V-T 
rate  matrix  k(v,v’->w,w')  can  be  presented  as  two  separate  matrices,  V-T  mode  rates  kvr(v-»w) 
and  V-V  mode  rates  kw  (v.v  ’  v+ Av,  v'- Av) : 


1  9f(e,t)  _  d 
N  at  ~de 


vp  (£)  —  D  yy  (e,  t) 


-f(£) 


(8) 


where 


Dvr(e)  =  ^Xkvr(v-^v  +  Av)  (£v  -£v+av)2  =Z 


((Ae)2> 


(9) 


Av 


and 


D w  (e,  0  =  j  Xfv  •  kw  (v,  V-»  v + Av,  v’-Av)  •  |ev  -  ev+Av |  •  (|ev.  -  ev._Av|  -  |ev  -  ev+Av |) 

(10) 

z(|Ae|(|Ae|-|A£|)) 

2 


In  Eqs.  (9,10),  Z  is  the  gas-kinetic  collision  frequency.  In  the  absence  of  the  V-V  exchange, 
Dw=0  and  Eq.  (8)  becomes  the  well-known  Fokker-Planck  diffusion  equation  [19].  Both  Eq.(5) 
and  Eq.  (8)  are  valid  only  if 


(ID 


and  also  if  T/Ei»l,  (Ae)/e«l. 

From  Eqs.  (9,10)  one  can  see  that  (i)  the  overall  diffusion  coefficient  D=Dvt-Dw  may 
change  sign  depending  on  the  vibrational  distribution  function  f(e)  (i.e.  on  time)  and  on 
vibrational  energy  e,  and  (ii)  |D(e,t)|  =  |Dw(e)-Dvr(e,t)l<M(e).  Therefore  the  effect  of  V-V 


204 


exchange  on  the  diffusion  flux  is  even  less  than  one  might  assume  from  Figs.  2,3.  Figs.  4,5 
demonstrates  that  if  T/Ei>l. 5-2.0,  the  contribution  of  the  V-V  processes  to  the  overall  diffusion 
coefficient  D  does  not  exceed  10%  and  dramatically  decreases  with  temperature.  In  other  words, 
at  the  high  temperatures  vibration-vibration  exchange  between  the  molecules  of  the  same  species 
can  be  neglected. 

The  effect  of  the  V-V  exchange  at  low  temperatures,  when  T/Ei<l,  is  certainly  much 
more  pronounced,  especially  at  high  vibrational  temperatures  (see  Figs.  4,5).  Although  the 
diffusion  equation  (8)  is  not  applicable  at  these  conditions,  it  can  nevertheless  qualitatively 
predict  the  time  evolution  of  the  distribution  function.  For  example,  the  behavior  of  the  overall 
diffusion  coefficient  D=Dvt*Dw  at  T=1000K,  Tv=5000  K,  shown  in  Fig.  5,  predicts 
depopulation  of  the  low  and  the  high  vibrational  levels  of  O2,  and  overpopulation  of  the  middle 
levels,  where  D<0,  during  the  relaxation  process  at  TV>T.  This  is  a  well-known  result  of 
vibrational  kinetics  of  anharmonic  oscillators.  The  diffusion  theory  of  vibrational  relaxation  at 
the  low  translational  temperatures,  when  T/Ei«l,  is  based  on  a  different  form  of  the  Fokker- 
Planck  equation,  and  has  been  developed  in  the  70 ’s  (e.g.  see  [20,21]  and  references  therein).  It 
also  shows  remarkably  good  agreement  with  the  “exact”  master  equation  calculations. 

To  verify  the  applicability  of  the  diffusion  approximation  (8)  at  very  high  temperatures, 
when  T/Ei»l,  we  considered  the  problem  of  vibrational  relaxation  behind  a  shock  wave  using 
two  different  approaches:  (i)  “exact”  master  equation  (4),  and  (ii)  diffusion  equation  (8)  with  the 
diffusion  coefficient  given  by  Eqs.  (9,10).  In  both  cases,  the  same  V-T  and  V-V  rates  have  been 
used.  To  account  for  the  molecular  dissociation  that  is  assumed  to  occur  from  the  high 
vibrational  levels,  the  equivalent  constraints  of  total  absorption  have  been  imposed: 

f(v  =  vdisS)=°  311(1  f(e  =  Ediss)=°  (12) 

A  Boltzmann  distribution  with  vibrational  temperature  Tv=Ei  was  assumed  at  t=0. 

The  results  of  the  calculations  for  oxygen  at  the  constant  translational  temperatures 
T=4000  K  and  T=8000  K  are  shown  in  Figs.  6,7.  One  can  see  that  at  T=4000  K  the  diffusion 
approximation  is  applicable  except  for  the  high  vibrational  levels  near  the  dissociation  limit.  At 
T=8000  K  the  two  approaches  give  different  results  even  at  much  lower  energies,  especially  for 
t/tvT«l  (tvt  is  the  Landau-Teller  vibrational  relaxation  time).  In  both  cases,  the  high 
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vibrational  level  populations  given  by  the  master  equation  quickly  get  to  equilibrium  with 
translational  temperature  T,  so  that  the  boundary  condition  (12)  has  almost  no  effect  on  the 
distribution  function.  The  criterion  of  Eq.  (1 1)  which  limits  the  applicability  of  the  diffusion 
approximation,  is  satisfied  in  both  cases,  excluding  high  vibrational  energies  e=£diss  (see  Fig.  8). 
However,  Fig.  9  demonstrates  that  the  reason  for  the  difference  between  the  two  model 
predictions  at  the  high  temperature  is  multi-quantum  relaxation.  One  can  see  that  the  products  of 
the  V-T  relaxation  of  oxygen  initially  at  the  vibrational  level  v=20  spread  much  wider  over  the 
vibrational  energy  axis  as  the  temperature  increases,  so  that  (Ae)/e~l.  This  makes  the  high- 
temperature  (T/Ei»l)  relaxation  in  air  an  essentially  non-local  process,  the  diffusion 
approximation  therefore  being  inapplicable  over  the  broad  range  of  vibrational  energies.  We 
note,  however,  that  the  difference  between  the  two  approaches  (master  equation  vs.  diffusion 
approximation)  almost  ceases  to  exist  at  t/xvr>l,  the  distribution  function  becoming  Boltzmann- 
like,  except  for  the  high  energies  within  8e~T/Ei  from  the  dissociation  limit. 

Figure  7  looks  very  similar  to  the  results  of  master  equation  modeling  of  the  high- 
temperature  relaxation  using  the  FHO  model  and  the  first-order  rate  model  (SSH  theory,  single¬ 
quantum  processes  only)  [13,22].  The  latter  also  strongly  underestimates  the  populations  of  the 
high  vibrational  levels  during  the  relaxation  at  t/xvr^l.  despite  predicting  much  greater  V-T  rates 
than  given  by  the  FHO  model.  We  conclude  that  the  failure  of  the  first-order  models  to 
adequately  describe  the  distribution  function  at  conditions  of  extreme  vibrational  disequilibrium 
is  mainly  due  to  their  neglect  of  multi-quantum  relaxation,  not  just  because  they  predict  the 
single-quantum  rates  incorrectly.  Finally,  Figs.  6,7  show  that  the  use  of  diffusion  approximation 
for  modeling  of  relaxation  and  dissociation  at  the  high  vibrational  levels  such  as  ev>£diss-T/Ei,  is 
not  justified,  as  also  pointed  out  in  [2] . 

As  expected,  in  the  present  calculations  only  a  small  difference  has  been  found  between 
the  distribution  function  fv(t)  formed  by  the  V-T  relaxation  only,  and  the  one  controlled  by  both 
V-T  and  V-V  exchange.  No  bottleneck  effect  that  would  create  a  bimodal  vibrational  distribution 
[1,2]  has  been  observed. 

These  results  can  be  also  applied  to  interpretation  of  the  thermal  dissociation  data  (TV=T) 
at  not  very  high  temperatures  T/Ei~l-3,  when  dissociation  preferentially  occurs  from  the  high 
vibrational  le  vels  [22].  At  these  conditions,  the  dissociation  is  controlled  by  the  rate  of  activation 
of  the  high  vibrational  levels  such  as  £v=£diss>  It  is  well-known  that  the  rate  of  the  thermal 
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molecular  dissociation  is  greater  when  the  collision  partner  is  another  molecule,  rather  than  an 
atom.  For  example,  the  ratio  kdiss(02-02)/kdiss(02-Ar)  changes  from  30-40  at  T=3500  K  to  5-10  at 
T=7000  K  [19].  The  fact  that  V-V  exchange  has  almost  no  contribution  in  the  molecular 
activation  at  the  high  temperatures  shows  that  it  can  not  be  responsible  for  the  dissociation  rate 
increase  in  diatom-diatom  collisions.  Also,  calculations  of  the  activation  rate, 

kact(T)  =  XkVT(V->VdisS)fv(T),  (13) 


for  O2-O2  and  02-Ar  collisions  give  rather  close  results  (within  a  factor  of  2-3  in  this  temperature 
region),  which  shows  that  the  slightly  different  collision  reduced  masses  and  intermolecular 
potentials  also  do  not  explain  the  observed  effect.  The  activation  rate  of  Eq.  (13)  can  be 
interpreted  as  the  rate  of  dissociation  for  the  total  absorption  condition  (12).  This  suggests  that 
the  rotational  energy  of  the  collision  partner,  disregarded  in  the  FHO  vibrational  energy  transfer 
model,  must  play  an  important  role  in  the  molecular  activation  at  the  high  vibrational  levels.  A 
qualitative  estimate  of  the  role  of  rotations  predicts  about  an  order  of  magnitude  increase  in  the 
diatom-diatom  dissociation  rate  [19].  More  theoretical  effort  is  needed  to  obtain  a  better  insight 
into  this  problem. 
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Figure  1.  Transition  moment  of  Eq.  (1)  M(v),  based  on  the  transition  rates,  calculated  in  Ref. 
[1],  for  nitrogen  at  T=4000  K.  Open  circles  show  the  rate  of  dissociation.  Taken  from  Ref.  [2]. 


M(e),  cm3/s 


Figure  2.  Transition  moment  of  Eq.  (3)  M(e),  based  on  the  FHO  relaxation  rates  for  02  [7]  at 
Tv=300  K.  Solid  line,  both  V-T  and  V-V  processes  are  considered;  dashed  line,  V-T  processes 
only;  symbols,  experimental  data  at  T=300  K  [3-5]. 

1,  T=300  K;  2,  T=1000  K;  3,  T=3000  K:  4,  T=5000  K;  5,  T=10000  K. 
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Figure  3.  Transition  moment  of  Eq.  (3)  M(e),  based  on  the  FHO  relaxation  rates  for  N2  [7]  at  Tv=300 
K.  Solid  line,  both  V-T  and  V-V  processes  are  considered;  dashed  line,  V-T  processes  only. 

1,  T=300  K;  2,  T=1000  K;  3,  T=3000  K;  4,  T=5000  K;  5,  T=10000  K. 


Dyr,  Dyvi  cm  / s 


Figure  4.  Vibrational  energy  diffusion  coefficients  due  to  V-T  (dashed  lines)  and  V-V  (solid 
liaes)  processes.  Oxygen  at  Tv=300  K.  1,1’  -  T=1000  K;  2,2’  -  T=3000  K;  3,3’  -  T=5000  K. 
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Vibrational  energy,  e=Et/Ei 

Figure  5.  Vibrational  energy  diffusion  coefficients  due  to  V-T  (dashed  lines)  and  V-V  (solid  lines) 
processes.  Oxygen  at  Tv=5000  K.  1,1’  -  T=1000  K;  2,2’  -  T=5000  K.  Symbol  (-)  shows  the  region 
where  Dw  becomes  negative. 
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Figure  6.  Vibrational  distribution  function  of  oxygen  during  the  relaxation  at  constant  temperature 
T=4000  K. 
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Figure  7.  Vibrational  distribution  function  of  oxygen  during  the  relaxation  at  constant  temperature 
T=8000  K. 


Figure  8.  Normalized  vibrational  energy  diffusion  coefficient  D\T  in  oxygen. 


212 


0.006 


(  Aev->w)2(  Ei/T  )2/ 2 


Figure  9.  Distribution  of  the  V-T  relaxation  products  of  O2(v=20)  at  different  translational 
temperatures. 
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CHAPTER  X. 

KINETICS  OF  NO  FORMATION  BEHIND  STRONG  SHOCK  WAVES 


Nomenclature 

S  =  observed  in-band  infrared  radiation,  W/cm2  sr 

L  =  optical  path-length,  cm 

nNo  =  number  density  of  NO  molecules,  cm'3 

T  =  translational  temperature,  K 

AB(v)  =  molecule  AB  in  vibrational  level  v 

kj  =  chemical  reaction  rate  for  reaction  i,  cm3/molecule  s 

Ev  =  energy  of  the  v,h  vibrational  level,  K 

F(EV)  =  threshold  translational  energy  for  dissociation  from  level  v,  K 
Ea  =  reaction  activation  energy,  K 

a  =  mass  ratio  factor 

|3  =  energy  fraction  that  goes  into  vibration  in  reverse  reaction 

W  =  an  energy  parameter,  Eq.  (16),  K 
s  =  a  parameter  in  Park  model 

Xinc(NO)  =  observed  incubation  time  (laboratory  time)  for  NO  production,  p.s 
Tvt(NO)  =  vibrational  relexation  time  at  observed  conditions  (laboratory  time),  jis 

Subscripts 
i  =  initial 
f  =  final 

st  =  stagnation  point 
max  =  maximum  value 

1.  Introductkn 

The  contribution  of  vibrational  energy  to  the  dissociation  process  in  diatomic 
molecules  is  significant  in  many  gas  environments,  such  as  high-enthalpy  gas-dynamic 
flows,  molecular  gas  discharges,  plasma  chemical  reactors  and  upper-atmosphere 
chemistry.  In  shock-wave  flows  it  has  been  the  subject  of  many  investigations, 
particularly  under  conditions  of  low  density,  where  non-equilibrium  conditions  exist  for 
an  appreciable  portion  of  the  flow.  It  remains  the  goal  of  hypersonic  flow  simulation 
to  develop  programs  which  contain  the  proper  physics  of  this  interaction,  while  retaining 
tractable  numerical  complexities. 

The  most  important  approximation  made  in  computing  non-equilibrium  flows1  is  the 
assumption  that  each  degree  of  freedom  of  a  molecule  retains  a  Boltzmann-like 
distribution  during  chemical  reaction  processes.  This  assumption  permits  great 
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simplifications  in  the  formulation  of  the  gas-dynamic  equations.  For  the  translational  and 
rotational  degrees  this  assumption  is  valid  over  a  wide  range  of  flow  conditions,  since 
these  degrees  exchange  energy  readily  in  molecular  collisions.  However,  for  the 
vibrational  degree,  many  collisions  are  required  to  transfer  a  single  quantum  of  energy, 
and  the  vibrational  distribution  can  easily  become  non-Boltzmann  during  relaxation 
processes. 

The  extent  of  this  variation,  and  the  effect  it  has  on  observed  chemical  reaction  rates, 
depends  on  the  values  of  the  state-to-state  vibrational  transition  probabilities. 
These  rates  have  recently  been  calculated  for  nitrogen  and  oxygen.2  3  They  can  be  used  in 
master  equation  shock-wave  calculations,  along  with  a  rational  vibration-chemistry 
coupling  scheme,4'6  to  calculate  vibrational  energy  distributions  and  chemical  reaction 
rates  behind  shocks.  It  is  the  purpose  of  the  present  work  to  present  such  calculations 
and  compare  them  with  experimental  results  and  with  calculations  which  assume  a 
Boltzmann  distribution.  Section  2  contains  a  brief  description  of  the  experiment  that  was 
used  for  comparison.  Section  3  describes  the  modeling  that  was  employed,  and  Section  4 
presents  the  results  of  the  calculations  and  comparisons.  A  Summary  is  provided  in 
Section  5. 

2.  Experimental 

The  experimental  results  th.°t  were  used  for  comparison  with  the  present 
calculations  are  described  in  detail  in  Refs.  7  and  8.  For  completeness  a  brief  summary  of 
the  experiment  and  previous  analysis  is  presented  here. 

The  time-history  of  infrared  radiation  behind  a  normal  shock  was  measured  using  a 
pressure-driven  shock  tube  with  a  3-inch  (7.62  cm)  inside  diameter.  The  driver  section  of 
the  shock  tube  is  5  feet  long,  and  was  operated  at  pressures  of  up  to  4000  psi  (260  atm)  of 
hydrogen.  The  routine  double-diaphragm  technique  provided  excellent  run-to-run 
reproducibility  in  wave  speed  (-1%)  and  radiation  records.  Initial  test  gas  pressures  were 
measured  to  better  than  1%  with  an  MKS  Baratron  unit.  Scientific  grade  (99.999%)  02 
and  N2  were  used  throughout,  and  were  premixed  in  three  different  proportions  for  the 
experiments.  Ultraviolet  radiation  measurements  were  also  taken  during  j  the 
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experiments.  The  principal  elements  of  the  shock-tube  experiment  are  shown  in  Fig.  1, 
taken  from  Ref.  7. 

An  InSb  detector  was  used  in  the  radiometer  to  measure  the  NO  infrared  radiation 
behind  the  shock  wave.  It  was  found  that  even  though  the  long-wave  roll-off  of  the 
detector  response  clips  one  wing  of  the  NO  band,  the  high  detectivity  resulted  in  an 
excellent  signal-to-noise  ratio,8  better  than  that  obtained  in  earlier  experiments  with 
HgCdTe.7  The  combined  filter-detector  bandpass  function,  between  5-5.5  p.m  was 
determined  by  separate  bench  experiments.  A  standard  blackbody  source  through  a 
scanning  monochromator  was  calibrated  and  then  used  to  establish  the  wavelength 
dependence  of  the  radiometer.  System  calibration  was  achieved  by  means  of  a 
chopped,  standard  blackbody  which  completely  filled  the  field  of  view  and  whose 
intensity  spanned  the  range  of  those  for  the  test  gases.  The  system  was  linear  over  this 
range. 

As  described  in  Ref.  2,  Appendix  D,  the  observed  in-band  infrared  radiation  is 
related  to  the  NO  concentration  and  the  gas  translational  temperature  through  the 
relation 

5=1.29  10-20  In  Jl-a2110_4(r-3000)j  W/cm2sr  (1) 

with  nN0  in  cm'3,  L  in  cm  and  T  in  degrees  Kelvin.  For  these  experiments,  L,  the  shock- 
tube  diameter,  had  the  value  of  7.62  cm.  This  equation  is  consistent  with  the 
equilibrium  values  of  NO  radiation  measured  in  the  shock  tube  and  with  the  known  band 
strength  of  the  molecule.  It  was  used  to  relate  the  measurements  of  non-equilibrium 
radiation  to  the  non-equilibrium  NO  molecular  density. 

The  optical  system  used  in  the  experiment  was  designed  to  produce  a  sharp 
definition  of  the  region  behind  the  shock  wave  contributing  to  the  radiation  received  by 
the  detector  at  any  given  time,  and  to  avoid  reflections  that  would  provide  spurious  signals. 
As  illustrated  in  Fig.  2,  taken  from  Ref.  8,  the  physical  apertures,  (the  InSb  detector  and  a 
razor-blade  slit)  are  both  external  to  the  shock  tube,  and  each  provides  a  3  mm  image  on  a 
shock  tube  window.  The  external  placement  precludes  any  reflections  from  the  apertures. 
With  shock  speeds  of  3  to  4  mm/ps,  this  results:  in  a  temporal  resolution  of  1  ps  in  the 
data. 
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Analysis  of  the  data9  determined  an  optimum  set  of  rate  coefficients  chosen  from 
available  measured  values.  These  rates  are  also  used  in  the  present  work. 

3.  Kinetic  Modeling 

To  simulate  the  kinetics  of  NO  formation  behind  normal  shock  waves,  we  have  used 
nonequilibrium-flow  master-equation  modeling,  herein  called  “Model  II”.  The  kinetic 
model  incorporates  (i)  the  equations  of  one-dimensional  gas  dynamics  for  nonequilibrium 
reacting  real  gases;10  (ii)  chemical  kinetics  equations  for  reacting  species  N,  N2,  0,  02, 
NO;  and  (iii)  master  equations  for  populations  of  vibrational  levels  of  each  diatomic 
species.  The  chemistry-vibration  coupling  terms  are  incorporated  into  both  the  chemical 
kinetics  equations  and  the  master  equation,  while  the  effects  of  relaxation  and  chemical 
reactions  are  taken  into  account  in  the  energy  and  motion  equations.  Thus,  the  system  of 
equations  used  is  completely  self-consistent.  The  explicit  form  of  equations  (ii)  and  (iii) 
can  be  found  in  an  earlier  publication.11 

It  is  assumed  that  the  gas  mixture  components  participate  in  the  following 
dissociation  reactions 

Nz{v)+ M±$  N+ N+ M  (2) 

02(v)+M±5  0+0+ M  (3) 

NO{v)+M<=>  N+O+M  (4) 

and  in  Zel'dovich  mechanism  reactions 

N2(v)  +  0±+ NO+N  (5) 

Oz  +  Nt=>  N0(v)  +  0  (6) 

In  Eqs.  (2-4),  M  stands  for  a  collision  partner,  and  v  is  the  vibrational  quantum  number. 
The  notation  AB(v)  in  a  reaction  equation  shows  that  the  effect  of  vibrational 
excitation  of  molecule  AB  on  the  rate  of  an  endoergic  reaction  is  taken  into  account.  The 
rates  of  reactions  (2-6)  in  thermal  equilibrium  are  taken  the  same  as  in  Ref.  11,  where 
they  were  incorporated  from;12,13 


A,  =  8.0  •  10~7 

y 0.5 

•exp(-l  13,200/  T) , 

M=NZ 

(7) 

A2  =  5.4  10"5 

•  r1 

0  exp  (-59, 380/  T) , 

M=Oz 

(8) 

A3  =  6.6  •  10-4  • 

y* — 1.5 

•exp(-75,490/  T) , 

for  any  M 

(9) 
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kA  =  3.0  10-|0  exp(-38,016/  70  (10) 

kb  =  2.2  1(TH  •  r  -exp(-3,565/  T)  (11) 

The  rates  of  N2  dissociation  on  other  collision  partners  are  15-ki  for  M=N,  and  0.4-ki 
for  M  =  0,  02,  NO;  the  rates  of  02  dissociation  are  2.8k2  for  M=0,  and  0.22k2  for  M  =  N, 
N2>  NO  (see  Ref.  11).  All  the  rates  of  Eqs.  (7-11)  are  given  in  cm3/molecules. 

The  rates  of  nonequilibrium  dissociation  and  bimolecular  reactions  (2-6)  are 
evaluated  according  to  the  classical  impulsive  model  by  Macheret-Fridman-Rich  (MFR).4'6 
According  to  this  model,  the  state-specific  rate  is  given  by  the  equation 

k(v-^,T)  =  A(T)exp(-F{Ey)/T),  (12) 


where  Ev  is  the  energy  of  a  vibrational  level  v,  F(EV)  is  the  threshold  translational  energy, 
and  A(T)  is  a  factor  obtained  from  normalization  on  the  thermal  reaction  rate.  The 
threshold  energy  (or  "threshold  curve"),  determined  for  reactions  of  dissociation5  and  for 
bimolecular  reactions,4  is  also  a  function  of  the  reaction  activation  energy  and  masses  of 
collision  partners.  For  example,  for  the  endoergic  exchange  reaction 

AB(v)  +  C-^  A+BC  (13) 


one  has4 


F(EV)  = 


E,-W 


W+—\{Ea-W)xll-{aEv)xlrf,  if  Ev  <  — — 
1-a 1  1  a 

W, 


^  Ea-W 
if  Ev  >  — - 


In  Eq.  (14),  Ea  is  the  reaction  activation  energy, 

mB{mA  +  mB  +  nic) 


(14) 


(15) 


and  W  can  be  found  from  the  relation 

p  =  a-(l  -W/Ea),  (16) 

where  p  is  the  energy  fraction  that  goes  into  vibrations  in  the  reverse  exoergic 
reaction.  For  reaction  (5),  this  parameter  is  measured  to  be  p=0.25.14  One  can  see  from  Eq. 
(14)  that  F(Ev)>Ea-Ev,  which  is  also  true  for  dissociation.5 
The  rates  for  vibration-translation  (V-T) 

ABU)  +  Miz>  AB(  f)+  M  ,  (17) 


and  vibration-vibration  (V-V) 
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ABti )  +  CD(iz )  ±5  AB(  /,)+  CD{  f2)  (18) 

processes,  used  in  the  master  equation,  are  evaluated  according  to  the  non-perturbative 
semiclassical  analytic  model  of  the  forced  harmonic  oscillator  (FHO).2'3  The  FHO  model 
rates  were  shown  to  agree  very  well  with  the  results  of  the  state-of-the-art  close-coupled 
calculations1517  and  recent  experiments.18'20  The  model  is  applicable  up  to  very  high 
temperatures,  high  vibrational  quantum  numbers,  and  also  for  multiquantum  transitions. 
Separate  cross-sections  for  vibrational  energy  transfer  from  oxygen  and  nitrogen  atom 
collisions  have  not  been  taken  into  account.  Under  conditions  of  appreciable  dissociation, 
these  reactions  have  been  shown21  to  have  an  effect  on  the  vibrational  distribution  of  N2. 

To  compare  the  present  master  equation  model  with  kinetic  models  commonly  used  in 
nonequilibrium  hypersonic  aerodynamics  calculations,  we  also  ran  a  code  based  on 
simplified  vibrational  and  chemical  kinetics.9  It  incorporates  one  equation  for  the 
vibrational  energy  of  each  diatomic  species  (the  VDF  is  therefore  assumed  to  be 
Boltzmann  with  vibrational  temperature  Tv).  The  rates  of  nonequilibrium  chemical 
reactions  (forward  reactions  (2-5))  are  calculated  according  to  the  Park  model,1 

k(T,Tv)  =  keq(TsTl-s),  5=0.7,  (19) 

where  keq  is  the  equilibrium  rate  constant  at  T=TV,  given  by  Eqs.  (7-11).  This  model  will 
be  called  "Model  I"  throughout  the  remainder  of  the  present  work,  while  the  master 
equation  model  will  be  referred  to  as  "Model  II". 

Model  l  has  been  previously  validated  by  comparing  the  predicted  and  the 
experimental8  NO  radiation  profiles  behind  the  shock  for  shock  velocities  us=3-4  km/s, 
showing  good  overall  agreement.9  However,  Model  I  is  based  on  experimental  relaxation 
data,  available  only  for  not  too  high  temperatures,  and  on  the  empirical  nonequilibrium 
reaction  rate  model  of  Eq.  (19).  Therefore,  it  has  no  predictive  capability  for  modeling  of 
gas  flows  behind  strong  shocks  at  us>4  km/s.  On  the  other  hand,  Model  II,  that 
incorporates  validated  nonperturbative  relaxation  rate  models  and  nonempirical 
impulsive  rate  models  of  nonequilibrium  chemical  reactions,  can  be  used  up  to  high 
temperatures.  Note,  however,  that  the  use  of  parameter  p=0.25,  measured  at  T-300K,14  at 
high  temperatures  needs  to  be  validated  by  comparing  the  rate  of  Eqs.  (12)  and  (14)  and  the 
results  of  trajectory  calculations,  where  available.  . 
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In  the  normal  shock  calculations,  the  initial  conditions  for  the  translational 
temperature,  pressure,  density  and  gas  velocity  immediately  behind  the  shock  are  given  by 
the  Rankine-Hugoniot  normal  shock  relations.  The  initial  vibrational  energy 
distribution  function  (VDF)  for  each  of  diatomic  species  is  a  Boltzmann  distribution  with 
the  vibrational  temperature  assumed  to  be  equal  to  the  gas  temperature  before  the  shock. 
The  initial  concentrations  of  N,  0:  <».nd  NO  are  taken  to  be  negligibly  small,  except  for 
the  bow  shock  calculation  at  a  IOC  km  altitude,  where  oxygen  in  the  incoming  flow  was 
assumed  to  be  partially  photodissociated. 

The  systems  of  equations  is  solved  using  the  standard  routine  LSODE,  the  efficient 
integrator  of  stiff  ordinary  differential  equations.22 

4.  Results  and  Discussion 

To  validate  the  use  of  Model  II  with  kinetic  rates  described  in  the  previous 
Section  for  very  strong  shocks  (us=7-9  km/s),  we  first  compared  its  predictions  with 
experiments  at  lower  shock  velocities,  us=3-4  km/s.8  To  obtain  the  NO  IR  signal 
intensity  from  the  calculated  concentration  of  nitric  oxide,  we  used  the  results  of  IR 
spectral  analysis,  calibrated  on  the  equilibrium  NO  radiation,  measured  in  the 
experiment  (see  Ref.  11  for  details).  The  absolute  intensity  of  the  IR  signal,  S/L,  in 
W/cmsr  is  calculated  from  Eq.  (1). 

Figures  3  and  4  show  typical  experimental  time-dependent  IR  signals  behind  the 
shock,  for  the  low  (us=3.06  km/s)  and  the  high  (us=3.85  km/s)  shock  velocities, 
respectively.  In  both  cases  the  conditions  before  the  shock  are  To=300  K,  Po=2.25  torr 
(which  corresponds  to  a  40  km  altitude),  giving  the  conditions  behind  the  shock 
Ti=4900K,  Pi=2 10  torr  and  Ti=7400K,  Pi=320  torr,  respectively.  Also  shown  in  Figs. 
3  and  4  are  results  of  calculations  by  Model  I  and  Model  II.  One  can  see  that  in  both 
cases  the  predictions  of  the  two  models  agree  well  with  the  experiment. 

At  the  low  shock  velocity  us~3  km/s  one  can  clearly  see  that  NO  radiation  is 
delayed  by  an  incubation  time  tinc(NO)  (see  Fig.  3).  The  incubation  time,  plotted  in  Fig.  5 
against  the  nitrogen  fraction  in  the  mixture,  reaches  Tinc(NO)~20  (is  at  us=2.97  km/s  in  an 
N2-02=95%/5%  mixture.  At  these  temperatures  (T=4-5  kK  for  us=3  km/s),  the  nitrogen 
vibrational  relaxation  time  Tvt(N2)~30  jis  is  much  longer  than  both  the  vibrational 
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relaxation  time  of  O2,  Tvt(02)~1  |is  and  the  O2  dissociation  incubation  time,  tjnc(02)~l 
|is.  This  proves  that  the  bottleneck  for  the  NO  production  at  a  shock  velocity  of  us~3  km/s 
is  reaction  (5)  due  to  vibration-chemistry  coupling,  rather  than  due  to  oxygen  dissociation. 
The  same  effect,  although  not  seen  in  the  experiments  at  higher  shock  velocities  due  to 
the  limited  time  resolution  of  about  1  ps,  has  been  observed  in  all  normal  shock 
calculations  for  us=3-4  km/s.  At  the  high  shock  velocities,  us~4  km/s,  there  exists  the 
well-known  overshoot  in  radiation  intensity  before  the  reverse  reactions  (5,6)  take 
over  and  the  NO  concentration  reaches  equilibrium  (see  Fig.  4). 

Calculations  made  for  16  experimental  conditions  (us=3-4  km/s)  in  three  N2-O2 
mixtures  (95%/5%,  78%/22%,  and  60%/40%)  all  show  good  agreement  between 
experimental  and  calculated  radiation  signals.  For  example.  Figs.  6  and  7  show  the 
experimental  and  calculated  radiation  rise  time  (time  to  signal  half-maximum),  as 
functions  of  shock  velocity,  for  two  different  N2-02  mixtures.  Also,  the  results  of 
calculations  did  not  reveal  any  substantial  difference  between  the  predictions  of  Model  I 
and  Model  II,  which  were  quite  close  for  all  considered  experimental  conditions.  This  is 
expected  for  two  reasons.  First,  nonequilibrium  rates  of  dissociation  and  of  bimolecular 
reactions  (2-6)  by  the  Macheret-Fridman-Rich  model  can  be  approximated  fairly  well  by 
the  Park  formula  (Eq.  (19)),  except  for  the  case  of  extreme  disequilibrium  Tv/T<0.1  (see 
Ref.  22  for  dissociation  reactions  (2,3)  and  Fig.  8  for  reaction  (5)).  Second,  for  the 
temperatures  T<8  kK,  the  effect  of  multi-quantum  relax  ation  on  the  vibrational  energy 
distribution  function  (VDF)  of  N2  and  02  is  not  very  dramatic,  so  that  the  VDF,  calculated 
by  the  state-to-state  kinetic  model  (Model  II),  is  Boltzmann-like.  A  considerable 
deviation  from  a  Boltzmann  distribution  occurs  only  at  Tv/T«l  for  the  high  vibrational 
levels,  when  their  populations  are  very  low.  Finally,  since  at  these  temperatures  most  of 
the  NO  behind  the  normal  shock  is  produced  at  Tv(O2)/T>Tv(N2)/T>0.4,  both  models 
should  give  close  results,  as  they  actually  do. 

To  compare  the  predictions  of  Model  I  and  Model  II  at  very  high  shock  velocities,  we 
ran  the  normal  shock  code  for  air  at  us=9  km/s,  To=220  K,  Po=40  mtorr  (these 
conditions  correspond  to  a  70  km  altitude).  We  note  that  in  this  case  the  first-order 
vibrational  relaxation  model  used  in  Model  I  and  based  on  the  low-temperature 
experimental  data,  has  no  predictive  capability  and  may  be  not  applicable  at  all.  Indeed, 
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Fig.  9  shows  that  the  vibrational  temperature  of  nitrogen,  predicted  by  Model  I,  is  several 
times  higher  than  the  temperature  of  the  first  vibrational  level, 


tn2  _  cof(l-2*f) 

K  ln( /„//,)’ 


(20) 


as  given  by  Model  II.  In  Eq.  (20),  fo  and  fi  are  relative  populations  of  vibrational  levels 
v=0  and  v=l,  respectively.  Figure  10  compares  the  VDFs  calculated  by  the  two  models, 
showing  that  the  Model  II  VDF  is  strongly  non-Boltzmann  and  that  the  relative 
populations  of  high  vibrational  levels,  predicted  by  Model  II,  are  generally  lower.  One 
might  expect  the  NO  production  rate  given  by  Model  II  to  be  also  lower  than  given  by 
Model  I.  However,  one  can  see  from  Fig.  9  that  the  predictions  of  NO  production  by  the 
two  models  are  again  very  close. 

The  reasons  for  this  behavior  are  as  follows.  First,  molecular  dissociation  at  these 


high  temperatures  (T>20  kK  in  the  region  of  the  most  intensive  NO  production  x<0.05 
cm)  is  very  rapid.  The  dissociation  rates  in  this  region  only  weakly  depend  on  the 
vibrational  temperature,  while  the  rates  for  N2  and  O2  dissociation  become  comparable 
(see  Ref.  22).  Dissociation  therefore  becomes  the  major  source  of  both  N  and  0  atoms,  so 
that  the  Zel'dovich  mechanism  reactions  (5)  and  (6)  are  no  longer  coupled  in  a  chain. 
Under  these  conditions,  NO  is  produced  mainly  in  the  second  Zel'dovich  reaction  (6), 
which  has  very  low  activation  energy  and  therefore  is  not  vibrationally  stimulated. 
Second,  at  these  high  temperatures  the  rate  of  another  NO-producing  reaction,  the 
vibrationally  induced  reaction  (5),  also  weakly  depends  on  the  vibration?1  lemperature 
or  on  the  VDF  (see  Fig.  8).  Obviously,  when  the  gas  temperature  is  comparable  to  the 
reaction  activation  energy  (Ea=38  kK  for  reaction  (5)),  a  considerable  part  of  all  N2 
molecules  can  react  with  0  atoms  regardless  of  how  much  vibrational  energy  they  have. 
Thus,  NO  production  behind  strong  shocks  is  very  weakly  coupled  to  the  vibrational 
energy  of  the  gas. 

A  considerable  difference  between  the  two  model  predictions  does  occur  in  the 
first  stage  of  relaxation  when  Tv/T«l.  The  Model  II  NO  production  rate  in  this  region 
exceeds  the  prediction  of  Model  I  by  as  much  as  an  order  of  magnitude  (not  seen  in  Fig.  9 
because  the  rates  are  small).  This  effect  is  due  to  the  unphysical  behavior  of  the  Park 
model  chemical  reaction  rates  (19),  incorporated  in  Model  I,  at  Tv/T-»0,  when  they  tend  to 
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zero  (see  Ref.  23  and  Fig.  8).  However,  this  effect  is  strongly  overshadowed  by  the  much 
greater  amount  of  NO  produced  in  the  less  nonequilibrium  stage  (at  higher  Tv/T  ratio), 
where  the  prediction  of  both  models  are  getting  much  closer. 

The  effect  of  the  reaction  rate  behavior  at  extreme  vibrational  disequilibrium  (when 
Tv/T«l),  first  studied  by  Boyd  et  al.,23  may  be  very  dramatic  for  low  density  bow  shocks, 
where  there  is  no  clearly  defined  shock  wave.  To  separately  estimate  the  sensitivity  of 
the  NO  production  rate  to  the  chemical  reaction  and  vibrational  relaxation  rate 
models,  we  used  the  results  of  the  DSMC  bow  shock  flow  field  calculations.23  In  the 
following  calculations,  the  gas  velocity,  temperature,  and  pressure  along  the  stagnation 
streamline  (see  Figs.  11  and  12)  were  used  as  input  data  for  the  overlay  modeling  of 
vibrational  relaxation  and  chemical  reactions  in  the  gas  flow  on  this  streamline.  This 
uncoupled  approach  assumes  that  the  resulting  variations  in  N,  0,  and  NO  mole  fractions 
are  quite  small  and  do  not  substantially  perturb  the  flowfield.  It  is  also  assumed  that 
the  use  of  the  FHO  model,  rather  than  the  more  simplified  vibrational  relaxation  model 
incorporated  in  the  DSMC  calculations,23  would  not  change  the  flowfield  since  both 
models  predict  very  close  vibrational  relaxation  times  tvt-  10 

The  input  flowfield  data  and  the  results  of  the  calculations  for  air  at  the  two 
altitudes  of  88  and  100  km  are  shown  in  Figs.  11  and  12,  respectively.  One  can  see  that  in 
both  cases  there  exists  a  region  of  extreme  vibrational  disequilibrium,  Tv/T<0.1,  while  the 
stagnation  point  temperature  is  much  less  than  the  maximum  gas  temperature  behind  the 
shock,  Tst/Tmax~0.1.  In  these  calculations,  we  used  four  different  kinetic  models:  (i)  Model 
II;  (ii)  Model  I  (both  described  in  the  Section  3);  (iii)  Model  I  with  s=0.5  instead  of  s=0.7 
in  Eq.  (19);  and  (iv)  Model  I  with  the  Macheret-Fridman-Rich  (MFR)  reaction  rates 
instead  of  the  Park  rates  of  Eq.  (19). 

At  an  88  km  altitude  (us=5  km/s,  see  Fig.  11),  the  use  of  the  MFR  reaction  rate 
model  leads  to  a  one  and  a  two  orders  of  magnitude  increase  in  NO  concentration, 
compared  to  the  Park  model  (19)  with  s=0.7  and  s=0.5,  respectively.  This  result  is  in 
qualitative  agreement  with  the  3-D  DSMC  calculations  of  Boyd  et  al.,23  who  use  the  MFR 
model  for  dissociation  reactions  only,  and  predict  an  order  of  magnitude  increase 
compared  to  the  Park  model  with  s=0.5.  The  much  faster  NO  production,  predicted  by  the 
MFR  model,  compared  to  the  Park  model,  occurs  due  to  two  equally  important  factors. 
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First  is  the  greater  rate  of  oxygen  dissociation  at  Tv/T-»0,  discussed  in  Ref.  23  and 
resulting  in  the  earlier  triggering  of  the  Zel'dovich  mechanism  chain  reactions  (5)  and 
(6),  so  that  they  occur  at  a  higher  translational  temperature.  Second  is  the  higher  rate  of 
the  key  NO  production  reaction  (5)  in  the  region  of  extreme  disequilibrium  (see  Fig. 
8).  One  can  also  see  that  the  NO  production  rate  is  only  weakly  sensitive  (within  a 
factor  of  two)  to  the  vibrational  relaxation  model  (curves  "MFR"  and  "FHO+MFR"  in  Fig. 
11).  This  happens  because  the  calculated  vibrational  temperature  is  so  low  that 
chemical  reactions  (2-6)  proceed  mainly  from  the  ground  vibrational  level. 

The  main  difference  of  NO  production  kinetics  at  a  100  km  altitude  (us=8  km/s)  is 
that  there  is  already  enough  photodissociated  oxygen  in  the  incoming  flow  (-4%  of  the 
mixture).23  Thus,  delayed  oxygen  dissociation  is  no  longer  a  trigger  for  the  Zel'dovich 
mechanism  reactions.  Calculations  at  this  altitude,  shown  in  Fig.  12,  therefore 
demonstrate  only  the  effect  of  the  variation  of  the  reaction  (5)  nonequilibrium  rate. 
One  can  see  that  the  predictions  of  all  models  are  closer  than  at  an  88  km  altitude,  giving 
about  an  order  of  magnitude  difference  between  the  Park,  s=0.5  model  and  the  MFR 
model.  The  predicted  NO  concentrations  in  the  vicinity  of  the  stagnation  point  are  very 
close  for  all  models.  NO  production  here  is  compensated  by  its  decomposition  in  the 
reverse  reaction  (5,6),  so  that  NO  mole  fraction  reaches  a  quasi-equilibrium  value  and 
is  not  rate-sensitive.  We  note  that  the  overlay  approximation  in  the  stagnation  point 
region  is  no  longer  valid,  since  NO  model  fraction  here  reaches  several  percent. 
Finally,  the  effect  of  the  vibrational  kinetics  rate  model  on  NO  concentration  is  again 
negligibly  small,  due  to  the  very  low  vibrational  temperature  in  the  region  of  the  most 
intensive  NO  production. 

5.  Summary 

In  the  present  work,  we  have  analyzed  nitric  oxide  production  kinetics  behind 
strong  normal  and  bow  shocks.  The  nonempirical  self-consistent  state-to-state  kinetic 
model,  described  here  (Model  II),  was  validated  by  comparison  with  shock  tube 
experiments,  for  the  shock  velocities  us=3-4  km/s.  The  results  of  the  calculations 
illustrate,  however,  that  a  simplified  kinetic  model  (Model  I)  and  the  Model  II  predict  very 
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close  NO  production  rates  behind  normal  shocks  up  to  very  high  shock  velocities  us=9 
km/s.  This  justifies  the  use  of  Model  I  in  normal  shock  calculations. 

NO  production  kinetics  behind  bow  shocks  is  simulated  by  an  overlay  modeling  of 
the  gas  flow  along  the  stagnation  streamline,  with  the  results  of  the  DSMC  flowfield 
calculations23  used  as  inputs.  The  results  of  the  overlay  calculations  support  the  idea  of 
Boyd  et  al.23  that  correct  modeling  of  vibration-dissociation  coupling  in  extreme 
vibrational  disequilibrium  is  one  of  the  most  crucial  points  in  prediction  of  NO  radiation 
behind  the  low  density  bow  shocks.  Our  data  also  show  that  taking  into  account  the 
vibrational  coupling  in  bimolecular  reaction  (5,6)  is  equally  important.  Satisfactory 
agreement  obtained  in  Ref.  23  between  the  DSMC  calculations  and  the  flight  data  allows 
suggesting  the  Macheret-Fridman-Rich  dissociation  and  bimolecular  reaction  rate  model 
for  the  use  in  hypersonic  aerodynamics  calculations.  On  the  other  hand,  these  results 
demonstrate  that  the  NO  production  rate  is  only  weakly  affected  by  the  vibrational 
relaxation  rate  model.  We  also  note  that  a  reliable  prediction  of  the  NO  ultraviolet 
radiation  behind  shocks  requires  additional  studies  of  mechanisms  of  electronically 
excited  NO  formation,  which  are  far  from  being  understood  at  this  time. 
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Figure  1.  Principal  elements  of  the  shock  tube  radiation  experiment 


Figure  2.  Major  elements  of  the  IR  radiometer  -  shock  tube  system.  The  beam  in  the 
shock  tube  is  wedge-shaped,  optimized  for  axial  resolution  at  3  mm,  and  for  throughput 
by  a  9-mm  width  across  the  tube  at  the  lower  window. 
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Figure  3.  Experimental  and  calculated  NO  infrared  radiation  profiles  behind  the 
normal  shock.  N2:02=60:40,  us=3.06  km/s,  P0=2.25  torr 


Figure  4.  Experimental  and  calculated  NO  infrared  radiation  profiles  behind  the 
normal  shock.  N2:02=77.7:22.3,  us=3.85  km/s,  Po=2.25  torr 
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Figure  5.  Experimental  and  calculated  NO  IR  radiation  incubation  time  at  us=  3 
km/s  as  a  function  of  the  nitrogen  mole  fraction  in  the  mixture 


Figure  6.  NO  IR  radiation  rise  time  (time  to  the  half-maximum)  as  a  function  of  the 
shock  velocity.  N2:02=95:5 
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Figure  7.  NO  IR  radiation  rise  time  (time  to  the  half-maximum)  as  a  function  of 
the  shock  velocity.  N2:02=60:40 


Figure  8.  Nonequilibrium  rate  of  reaction  (5)  according  to  the  Macheret-Fridman 
Rich  aad  the  Park  models 
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Figure  9.  Vibrational  relaxation  and  NO  production  behind  a  strong  normal 
shock.  h=70  km,  us=9  km/s,  Pq=40  mtorr 
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Figure  10.  Vibrational  distribution  function  of  N2,  calculated  by  Model  I  and 
Model  II  for  the  conditions  of  Fig.  9 
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Figure  11.  The  DSMC  flowfield  data  (upper  part),  and  the  NO  concentration  (lower 
part)  on  the  stagnation  streamline.  h=88  km,  us=  5  km/s,  Po=1.9  mtorr. 
The  two  curves  for  T?2  in  the  upper  part  are  predicted  by  Model  I  (dashed 
curve)  and  Model  II  (solid  curve) 
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CHAPTER  XI. 

FEASIBILITY  STUDY  OF  MHD  ACCELERATION 
OF  UNSEEDED  AND  SEEDED  AIR  FLOWS 


Nomenclature 

B  -  magnetic  field,  T 

Bi  -  rotational  constant  of  the  diatomic 

species,  eV 

Cf  -  skin  friction  coefficient 

Ch  -  heat  transfer  coefficient 

cpf  -  frozen  specific  heat  at  constant 
pressure,  J/kg/K 

D  -  electron  beam  load,  eV/mol/s 

E  -  electric  field,  V/m 

AEbeam  -  absorbed  electron  beam  power,  W 

Evib.i(T)  -  equilibrium  vibrational  energy 
of  the  species,  J/kg 

Evibri(x)  -  nonequilibrium  vibrational  energy 
of  the  species,  J/kg 
e  -  electron  charge,  C 

F  -  channel  cross-section,  m2 

fi(v)=nj(v)/nj  -  relative  population 

of  vibrational  level  v  of  i*  species 
(vibrational  distribution  function) 

G  -  mass  flowrate,  kg/s 

Gi°  -  Gibbs  free  energy  of  the  species 
at  standard  pressure,  J/kg 
gi  -  g-factors,  efficiencies  of  electron 

beam  initiated  processes,  mol/eV 
hi  -  specific  enthalpy  of  the  species,  J/kg 

h  -  enthalpy  of  the  mixture,  J/kg 
H=h+uz/2  -  total  enthalpy,  J/kg 
j  -  current  density,  A/m2 

jbeam  -  electron  beam  current  density,  A/m2 
1  -  electron  beam  penetration  length,  m 

L  -  MHD  channel  length,  m 

k  -  Boltzmann  constant,  J/K 

kion  -  rate  of  ionization,  cm3/s 

krec  -  rate  of  electron  recombination,  cm3/s 
katt  -  rate  of  electron  attachment,  cm3/s 
kij(v->w)  -  vibration-translation  rates,  cm3/s 
kij(v,v’-»w,w’)  -  vibration-vibration  rates, 
cm3/s 


kej(v-»w)  -  electron-vibration  (e-V)  rates, 
cm3/s 

k(v-4,T),  k(->v,T)  -  state-specific  chemical 
reaction  rates,  cm3/s 
Mf  -  frozen  Mach  number 

5Mf  -  correction  to  the  frozen  Mach  number 
due  to  vibrational  specific  heat 
me  -  electron  mass,  kg 

mp  -  proton  mass,  kg 

nj(v)  -  absolute  population  of  vibrational 
level  v  of  i*  species,  mol/m3 
ni  -  number  density  of  the  species, 
mol/m3 

N  -  total  number  density,  mol/m3 

P  -  pressure,  Pa 

Po  -  standard  pressure  (1  atm) 

Pr  -  Prandtl  number 

Qtr  i  -  electron  transport  cross-section 

for  i’1'  species,  m2 

Qrot,i  -  rotational  excitation  cross-section,  m2 

Qvib  i  -  vibrational  excitation  cross-section, 

2 

m 

Qeu  -  electronic  excitation  cross-section,  m2 
Qion.i  -  ionization  cross-section,  m2 

Ro  -  universal  gas  constant,  J/kmol/K 

r  -  channel  half-width,  m 

Red  -  Reynolds  number  based  on  the 

channel  width 

Rex  -  Reynolds  number  based  on  the  axial 
coordinate 

S  -  entropy,  J/kg/K 

T  -  heavy  species  translational 

temperature,  K 

Tv.i  -  species  vibrational  temperatures,  K 

Te  -  electron  temperature,  K 

Tref=300  K  -  reference  temperature 
u  -  gas  velocity,  m/s 

xe,i  -  anharmonicity  of  i*  diatomic  species 
x  -  axial  coordinate,  m 
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y  -  transverse  coordinate,  m 

z  -  magnetic  field  direction 

p  -  Hall  parameter 

Y=cpf/cvf  -  frozen  specific  heat  ratio 
8  -  boundary  layer  thickness,  m 

e  -  plasma  (secondary)  electron  energy, 
eV 

£beam  -  beam  electron  energy,  eV 
Hi  -  species  molecular  weight,  kg/kmol 
(i  -  mixture  molecular  weight,  kg/kmol 

Vo  =(e/me)B  -  plasma  frequency,  s'1 


(v)  -  electron-heavy  species  collision 

frequency,  s'1 

p  -  gas  density,  kg/m3 

a  -  electric  conductivity,  mhos/m 

<t>i=(ni/n)  -  species  mole  fractions 

<|)e  -  ionization  fraction 

^i=(ni/n)  (pi/|i)  -  species  mass  fractions 

d)e,i  -  vibrational  quantum  rf  diatomic 

species,  K 

Q  -  instability  increment,  s’1 


1.  Introduction 

The  MARIAH  program  is  a  NASA-sponsored  program  the  objective  of  which  is  to 
investigate  the  applicability  of  MHD  as  a  driver  for  hypersonic  test  facilities.  The  focus  of  this 
program  is  to  demonstrate  the  feasibility  of  such  drivers  in  the  context  of  high  speed  combustion 
test  facilities,  such  as  might  be  suitable  for  testing  advanced  hypersonic  airbreathing  engine 
concepts.  Previous  papers  have  reported  on  the  concept  [1]  and  the  basic  requirements  for  such 
a  facility  [2] . 

In  this  work  we  report  on  an  analysis  of  MHD  accelerators  which  was  conducted  as  a 
part  of  the  MARIAH  program  for  the  purpose  of  investigating  the  performance  limits  of  such 
devices.  This  analysis  is  based  on  a  one-dimensional  simulation  of  the  entire  flow  train,  starting 
at  the  plenum,  passing  through  the  nozzle  and  MHD  accelerator,  and  continuing  through  the 
secondary  expansion  duct  up  to  the  inlet  of  the  test  section.  Several  issues  have  been 
investigated  using  this  model,  such  as  (a)  the  question  of  pressures  needed  in  the  heater  or 
plenum  region,  (b)  whether  electron  beam  addition  can  be  utilized  to  enhance  the  unseeded  flow 
conductivity  in  the  MHD  duct,  (c)  the  question  of  seeded  vs.  unseeded  flows,  and  (d)  issues 
relating  to  basic  thermodynamic  limits  of  such  drivers.  These  issues  are  discussed  and  reported 
on  in  some  depth  in  the  following  sections. 

There  are  several  basic  requirements  which  have  been  used  to  define  the  testing  scenario 
and  the  performance  objectives  of  the  present  study.  These  have  been  discussed  in  previous 
papers  [1-3].  Since  they  largely  define  the  operating  scenario  for  the  MHD  flow  train,  these 
requirements  are  summarized  below: 
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(a)  The  hypothetical  test  facility  should  be  a  “test  and  evaluation”  facility  in  the  sense 
that  test  duration  of  the  order  of  tens  of  seconds  to  minutes  can  be  obtained. 

(b)  The  facility  should  be  capable  of  testing  advanced  engine  modules  at  near  full  scale. 
An  area  cross  section  for  the  test  section  of  80  square  feet  has  been  adopted  as  a  working 
number. 

(c)  The  facility  should  be  capable  of  simulating  true  total  enthalpy  and  thermodynamic 
conditions.  For  engine  testing,  this  implies  that  the  Mach  numbers,  total  enthalpies,  and 
entropies  should  match  those  seen  behind  the  bow  shock  of  the  hypersonic  aircraft.  The  facility 
should  be  capable  of  matching  post  bow  shock  conditions  corresponding  to  the  2000  lb/ft2  free 
stream  dynamic  pressures  trajectory. 

(d)  The  facility  should  provide  an  air  stream  chemistry  corresponding  approximately  to 
the  post-bow  shock  regime  of  the  aircraft;  i.e.  -  having  minimal  dissociation,  vibrational  non¬ 
equilibrium  and  contaminants. 

(e)  The  facility  should  be  a  true  “test  and  evaluation”  facility.  This  implies  high  testing 
throughput,  high  reliability  and  lifetimes  for  critical  components,  and  versatility  of  the  MHD 
accelerator  across  a  wide  range  of  pressures  and  Mach  numbers. 

Analytical  studies  similar  to  the  present  one  have  been  conducted  in  the  past  by  several 
researchers  [4-6].  The  present  study  is  unique  in  that  the  flow  model  incorporates  several  novel 
features,  namely  (a)  the  inclusion  of  a  Boltzmann  equation  solver  for  the  electron  distribution 
function,  (b)  the  ability  to  simulate  the  addition  of  electron  beam  energy  directed  into  the  MHD 
channel,  (c)  the  ability  to  simulate  both  chemical  kinetics  and  vibrational  nonequilibrium,  and 
(d)  the  ability  to  correctly  account  for  all  important  ionization  processes.  These  capabilities 
permitted  us  to  systematically  explore  both  the  nonequilibrium  and  the  equilibrium  flow  regimes 
across  a  wide  spectrum  of  control  parameters.  Details  of  the  kinetic  model  are  given  in  Section 
2. 

The  computer  code  developed  on  the  basis  of  the  kinetic  model  was  run  across  a  rather 
large  set  of  control  parameters,  including  variation  of  seed  fraction  and  type,  electron  beam 
energy,  plenum  pressures  and  temperatures,  and  nozzle  geometry  (see  Section  3).  The  overall 
objective  of  the  study  was  to  demonstrate  whether  or  not  it  was  possible  to  place  points  on  the 
total  enthalpy  versus  entropy  diagram  corresponding  to  the  post-bow  shock,  2000  lb/ft2  flight 
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trajectory.  This  has  been  adopted  as  the  limiting  operating  envelope  for  the  hypothetical  test 
facility.  The  major  conclusions  are  given  in  Section  4. 

2.  Kinetic  modeling 

2.1.  Kinetic  equations 

To  simulate  the  gas  dynamics  and  kinetics  of  both  alkali-seeded  and  unseeded  air  flows 
in  supersonic  nozzles  and  MHD  channels,  we  have  used  quasi-one-dimensional  nonequilibrium 
flow  kinetic  modeling.  The  model  incorporates  the  following  equation  groups: 

(i)  the  equations  of  one-dimensional  magnetogasdynamics  for  nonequilibrium  reacting 
ionized  real  gases  [7,8] 
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In  Eq.  (1),  the  terms  in  the  right-hand-side  describe  gas  temperature  variation  due  to  nozzle 
cross-section  change,  change  of  molecular  weight  of  the  mixture,  translational  mode  energy 
addition  d<I>/dx,  push  force  and  wall  friction  work.  Eq.  (6)  gives  the  energy  stored  in  vibrational 
mode  of  diatomic  species  such  as  N2,  O2,  and  NO.  The  terms  in  the  right-hand-side  of  Eq.  (7) 
describe  electric  field  and  electron  beam  power  input  (D  is  the  e-beam  load  per  molecule  in 
eV/mol/s),  wall  heat  losses  due  to  heat  transfer,  enthalpy  transfer  by  the  current,  and  electrode 
voltage  drop  AUe,  and  enthalpy  storage  in  chemical  reaction  products  and  vibrational  energy 
mode.  The  last  term  in  Eq.  (7)  can  be  written  in  the  following  form: 

^=EW^+s([E..J(x)-E,lJ(T)]f+5l^}  (8) 

Note  that  Eq.  (8)  requires  knowledge  of  both  equilibrium  and  nonequilibrium  values  of  diatomic 
species  vibrational  energy,  Evibj(T)  and  Evibj(x),  respectively.  Both  of  these  energies  are 
calculated  using  Eq.  (6),  where  the  equilibrium  vibrational  distribution  function  fj(v,T)  is  the 
Boltzmann  distribution  with  temperature  T,  and  the  nonequilibrium  vibrational  level  populations 
fj(v,x)  are  given  by  the  master  equation  (see  below).  In  Eqs.  (2, 5, 7, 8),  the  sum  over  index  /  is 
evaluated  for  all  reacting  species  and  the  sum  over  index  j  is  taken  only  for  three  diatomic 
species,  N2,  02,  and  NO. 

(ii)  chemical  and  ionization  kinetics  equations  for  a  number  of  reacting  species  (including 
electrons,  ions,  and  electronically  excited  metastable  species) 


(9) 


where  the  sum  is  taken  for  all  chemical  reactions,  ay  and  by  are  stoichiometric  coefficients  of  ith 
species  in  j*  chemical  reaction 
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and  Wj  is  the  rate  of  j*  chemical  reaction  per  unit  stoichiometric  coefficient: 
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In  Eqs.  (10,11),  the  sums  and  the  products  are  taken  for  all  reacting  species.  In  Eq.  (11),  P0=l 
atm  is  a  standard  pressure.  For  bimolecular  reaction  Ai+A2  «-»  A3+A4  the  expression  for  Wj  is 
particularly  simple: 
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For  chemical  reactions  at  vibrational  equilibrium  the  reverse  reaction  rates  in  Eqs.  (11,12)  are 
determined  from  thermochemical  equilibrium, 
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where  Gi°(T)  are  the  molar  Gibbs  free  energies  of  species  evaluated  at  a  standard  pressure  Po=l 
atm. 

For  vibrationally  stimulated  reactions,  such  as  nonequilibrium  dissociation  of  diatomic 
molecules 


AB(v)  +  M<=>  A  +  B+M 


(14) 


and  bimolecular  exchange  reactions 


AB(v)  +  C  <=>  A  +  BC  (15) 

the  forward  rates  at  vibrational  disequilibrium  are  determined  as  follows: 

k  =  Xk(v  — >■.  T)f  (v) ,  (16) 

V 


where  k(v— »,T)  are  state-resolved  reaction  rates  (see  Section  2.2)  and  f(v)  is  nonequilibrium 
relative  population  of  vibrationally  excited  diatomic  species,  given  by  the  master  equation.  In 
Eqs.  (13-15),  AB  stands  for  diatomic  molecule,  C  for  atom,  M  for  an  collision  partner,  and  v  is 
vibrational  quantum  number. 

For  nonequilibrium  plasma  electron  impact  processes  (ionization,  attachment,  electronic 
excitation)  the  kinetic  rates  are  determined  by  integration  of  the  cross-sections  over  the  electron 
energy  distribution  function  (EEDF).  For  example,  for  ionization 

k|0n  =  — —  J  Qlon  (e)el/zf  (e)ds  ,  (17) 

meE-L 

where  f(e)  is  the  EEDF  as  a  function  of  electron  energy,  determined  by  the  B^kzmann  equation 
(see  below),  Qj0„  is  the  cross-section  of  ionization,  and  Eion  is  the  ionization  potential. 

For  the  high-energy  electron  beam  initiated  reactions,  the  reaction  rates  are  as  follows: 

(18) 

p  m 


where  D  is  the  e-beam  load,  and  gj  (g-factors)  are  the  beam  reaction  efficiencies  in  mol/eV. 

(iii)  master  equation  for  populations  of  vibrational  levels  of  three  diatomic  species  N2,  O2, 
and  NO  [9] 
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In  Eq.  (19),  the  terms  in  the  right-hand-side  describe  the  change  of  vibrational  distribution 
function  fj(v)  of  a  diatomic  species  due  to  vibration-translation  (V-T),  vibration-vibration  (V-V), 
and  electron-vibration  (e-V)  energy  transfer  processes,  and  chemical  reactions,  respectively. 
Note  that  Eq.  (19)  also  takes  into  account  multi-quantum  vibrational  energy  transfer  processes. 
The  chemical  reaction  term  in  Eq.  (19)  can  be  written  as  follows: 
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where  the  first  two  terms  in  the  right-hand-side  describe  vibrationally-stimulated  dissociation 
and  exchange  reactions  of  Eqs.  (14,15),  respectively.  The  direct  and  the  reverse  state-resolved 
rates  in  Eq.  (18)  are  related  by  the  detailed  balance  equation 


k(v-»,T)fAB(v,T)  _  k(T) 
k(-»  v.T)  k(T)  ’ 


(21) 


where  the  relation  between  the  overall  direct  and  reverse  thermal  rates  is  given  by  Eq.  (13).  Note 
that  in  Eq.  (21)  fAB(v,T)  is  the  equilibrium  relative  population  of  vibrational  level  v  of  molecule 
AB. 

The  vibrational  “temperatures”  of  the  diatomic  species  are  determined  as  follows: 
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(iv)  Boltzmann  equation  for  symmetric  part  of  electron  energy  distribution  function  f(e) 
(EEDF)  in  crossed  electric  and  magnetic  fields  [10,11] 
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In  Eq.  (23),  the  separate  terms  describe  the  EEDF  change  due  to  applied  fields,  momentum 
transfer  and  rotational  excitation,  vibrational  excitation,  electronic  excitation  (excitation  of  the 
k*  electronic  level  of  the  i*  species),  electron-electron  collisions,  and  ionization  by  the  e-beam 
electrons.  Also  in  Eq.  (23) 
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is  the  ratio  of  the  Debye  length  to  the  classical  closest  approach  distance,  and 
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(27) 


I,  (e)  =  J  x3/2f  (x)dx  +  2c372  J  f  (x)  dx 
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In  the  present  study  we  are  interested  only  in  the  low-energy  part  of  the  EEDF  (e<20-30  eV), 
which  is  independent  of  the  electron  beam  energy  if  £beam»Ej0n  [12,13].  Therefore  Eq.  (23)  does 
not  incorporate  the  detailed  model  of  ionization  by  an  e-beam  that  uses  the  double  differential 
cross-section  of  ionization  Qi0n(eP.e)  as  a  function  of  primary  and  secondary  electron  energies 
[12,13].  Instead,  a  simplified  approach  is  used,  with  the  source  term  S(e)  in  Eq.  (23)  expressed  in 
terms  of  the  g-factor  for  the  beam  ionization  gi0n  (ionization  efficiency)  and  the  secondary 
electron  energy  e: 

S(e)  =  /  C°n-S-^  ■  JS(e)de  =  gl011D  (28) 

(e+Eion)3'2 

The  g-factors  are  also  known  to  be  independent  of  the  beam  energy  if  £beam»Ei0n  [13]. 

The  electron  “temperature”  is  determined  by  the  following  relation 


f(e) 
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Note  that  Eq.  (23)  also  takes  into  account  superelastic  processes  (electron  heating  in  collisions 
with  vibrationally  excited  N2  molecules): 

^(vl  +  efe)  -»  ^(w  <  v)  +  e(e  +  AEv  w) ,  (30) 


where  AEv,w  is  the  vibrational  energy  defect.  These  processes  are  well-known  to  strongly  affect 
the  electron  temperature  in  gas  flows  at  strong  vibrational  disequilibrium  [14,15]. 

(v)  generalized  Ohm’s  law  [8]: 
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(31) 
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is  the  plasma  electric  conductivity  and 
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is  the  Hall  parameter.  In  Eqs.  (32,33), 
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is  the  electron-heavy  species  collision  frequency  [10]. 

As  one  can  see,  the  effects  of  vibrational  relaxation  and  chemical  reactions  are  accounted 
for  in  the  energy  and  motion  equations  (1,2).  The  chemistry- vibration  coupling  terms  are 
incorporated  into  both  the  chemical  kinetics  equations  (9)  and  the  master  equation  (19).  Rates  of 
electron  impact  processes  used  in  kinetic  equations  (9,19)  (vibrational  and  electronic  excitation, 
ionization,  attachment  etc.),  as  well  as  electric  conductivity  are  calculated  based  on  the  EEDF 
calculated  by  the  Boltzmann  equation  (23).  The  latter  takes  into  account  superelastic  processes, 
which  couple  vibrational  and  electron  mode  energies.  Therefore,  the  system  of  equations  solved 
is  self-consistent. 
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In  this  quasi-  1-D  approach,  the  applied  electric  and  magnetic  fields  are  given  as  functions 
of  the  axial  coordinate:  Ex(x),  Ey(x),  and  Bz(x).  Time  and  space  derivatives  in  the  Boltzmann 
equation  are  omitted,  since  they  become  important  only  in  extremely  fast  oscillating  fields  and  in 
sheath  areas,  so  that  the  Boltzmann  equation  becomes  a  simple  second-order  differential 
equation  with  electron  energy  as  an  independent  variable,  solved  by  standard  iteration  method 
[11).  The  rest  of  differential  equations  are  first-order  equations  solved  by  a  widely  used  stiff 
ODE  system  solver  LSODE  [16]. 

2.2.  Rates  and  cross-sections 

The  list  of  the  neutral  species  chemical  reactions  (32  reactions  for  12  species  N,  N2,  0, 
02,  NO,  O3,  N02i  N20,  N03i  N204,  N205i  N3),  as  well  as  the  reaction  rates  at  thermal 
equilibrium  are  taken  from  the  Russian  AVOGADRO  database  [17],  where  the  most  reliable 
available  data  have  been  recommended  in  a  wide  temperature  range.  The  vibration-chemistry 
coupling  is  modeled  using  the  Macheret-Fridman-Rich  nonequilibrium  rate  model  [18,19],  and 
the  state-specific  reaction  rates  k(v-+,T)  for  the  reactions 

N2(v)  +  M<^N  +  N  +  M 
02(v)  +  M*z»  0  +  0  + M 

N0(v)  +  M<z>N  +  0  +  M  ,  (35) 

N2(v)  +  0<z»  NO  +  N 
NO(v)  +  0  02  +  N 

used  in  chemical  and  vibrational  kinetics  equations  (9,19)  are  the  same  as  in  our  previous  paper 

[20]. 

The  list  of  ion-molecular  reactions,  including  ionization,  recombination,  ion  conversion, 
attachment  and  detachment  processes  (more  than  300  reactions  for  13  species  e',  N\  N2+,  0+, 
02+,  NO\  O',  02',  N20+,  N02\  Na+,  K+,  Cs+)  as  well  as  most  of  the  reaction  rates  were  taken 
from  the  review  [21]  and  [22-25).  The  rates  of  electron  impact  ionization  and  electron 
attachment  to  the  following  species:  N2,  02,  NO,  Na,  K,  Cs  are  calculated  by  the  Boltzmann 
equation  solver  using  the  experimental  cross-sections  of  these  processes  as  functions  of  electron 
energy  [26-29].  The  latter  group  of  processes  describes  kinetics  of  nonequilibrium  ionization  and 
attachment  of  the  plasma  electrons  in  the  presence  of  external  electric  and  magnetic  fields. 
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Note  that  thermochemical  data  both  for  neutral  and  charged  species  are  incorporated  into 
the  code,  so  that  the  rates  of  reverse  processes  are  evaluated  from  detailed  balance  (e.g.  see  Eq. 
(13)).  Therefore  the  kinetic  model  correctly  predicts  the  chemical  composition  of  alkali-seeded 
air,  including  electron  and  ion  concentrations,  in  thermodynamic  equilibrium  (with  no  fields 
applied).  Thermochemical  parameters  such  as  enthalpies,  entropies,  and  specific  heats  of  the 
species  in  the  temperature  range  300-6000  K  are  taken  from  [30,31]. 

The  rates  of  electronic  excitation  and  dissociation  of  N2  and  O2  by  the  plasma  electrons, 
with  the  production  of  metastable  species  N2(A3EU+),  N(2D),  N(2P),  (Ma’Ag),  02(b1Zg+),  0(JD), 
0(1S)  are  also  calculated  by  the  Boltzmann  solver  using  the  experimental  cross-sections  [26,27]. 
Metastable  species  collisional  quenching  and  chemical  reaction  rates  are  taken  from  the  review 
[21]. 

The  rates  of  vibrational  excitation  of  N2  ad  O2  by  plasma  electrons  are  evaluated  by  the 
Boltzmann  solver  using  the  experimental  cross-sections  QVib0_>v  [26,27].  The  detailed  cross- 
section  matrix  for  nitrogen,  QVibv-MW.  0<v,w<8  ,  needed  for  modeling  of  superelastic  processes 
(27),  is  calculated  using  the  semi-empirical  method  [32].  The  rates  of  vibration-translation  (V-T) 
and  vibration-vibration  (V-V)  rates  for  N2  and  O2,  including  multiquantum  processes,  are  taken 
the  same  as  in  [20]  where  they  have  been  evaluated  using  the  forced  harmonic  oscillator  (FHO) 
rate  model  [33].  These  rates  show  good  agreement  with  the  recent  experiments  and  state-of-the- 
art  close-coupled  calculations  in  a  wide  temperature  range  [33].  The  V-T  rates  for  N2-Na,  N2-K, 
and  N2-CS  are  taken  from  [34].  As  shown  in  [35],  these  rates  are  consistent  with  the  Na-seeded 
nitrogen  vibrational  relaxation  measurements  behind  shock  waves. 

The  experimental  electron  transport  cross-sections  for  N2,  O2,  NO,  Na,  K,  and  Cs 
necessary  for  the  plasma  electric  conductivity  calculations,  are  taken  from  [26-28,36]. 

In  these  calculations,  we  considered  the  use  of  a  high  energy  electron  beam  as  a  possible 
efficient  way  to  sustain  nonequilibrium  ionization  in  the  supersonic  flow.  It  is  well  known  that 
up  to  50%  of  the  relativistic  e-beam  power  goes  into  electron  impact  ionization  [21].  This 
external  ionization  method  has  been  previously  extensively  used  to  sustain  a  discharge  in 
supersonic  flows  in  gas  dynamic  lasers  [37].  The  e-beam  power  fractions  going  into  ionization, 
dissociation,  and  electronic  excitation  of  N2  and  O2  in  air  (g-factors)  are  taken  from  the  review 
[21].  The  experimental  secondary  electron  energy  distribution  in  N2  and  O2  for  the  beam 
energies  50-2000  eV  are  taken  from  [26,27]  and  extrapolated  toward  the  higher  energies  [12]. 
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Note  that  in  the  present  study  we  do  not  address  the  high-power  e-beam  engineering  issues 
(beam  entering  the  high-pressure  flow,  focusing,  X-ray  radiation  etc.)-  Our  primary  interest  is  the 
e-beam  initiated  kinetics. 

Wall  heat  transfer  coefficient  Ch  and  skin  friction  coefficient  Cf,  as  well  as  the  boundary 
layer  thickness  5  are  estimated  based  on  the  results  of  turbulent  compressible  boundary  layer 
theory  [38]: 


_  0.059 _ 1 _ 

Cf  “  Re®  2  l  +  Pr1/3(y-l)Mf  /  2  ’ 


510s  <  Re<107 


(36) 


ch  =  jCf  /  Pr273 ,  5  - 105  <Re<107 


(37) 


6(x)  0.37  x 

r  **  ReJ 2  r 


5  10s  <  Re  <  107 


(38) 


Heat  fluxes  to  the  electrode  surfaces  (see  Eq.  (7))  are  estimated  based  on  the  experimental  heat 
transfer  measurements  in  MHD  accelerators  [39]  (see  section  2.3). 


2.3.  Code  validation 

Various  parts  of  the  kinetic  model  used  in  the  present  work  have  been  previously 
validated  in  modeling  calculations.  First,  V-T  and  V-V  rates,  neutral  species  chemical  kinetic 
rates  and  vibration-chemistry  coupling  in  high  temperature  air  were  validated  in  modeling  of  NO 
production  in  N2-O2  mixtures  behind  shock  waves,  which  showed  good  agreement  with  time- 
resolved  shock  tube  measurements  [20].  Second,  electron  swarm  parameters  (drift  velocity, 
magnetic  drift  velocity,  diffusion  coefficient,  ionization  and  attachment  coefficients)  for  N2,  O2, 
and  air,  predicted  by  the  Boltzmann  equation  solver  are  in  very  good  agreement  with  available 
experimental  data  [10,40]. 

We  have  also  carried  out  two  series  of  validation  calculations  for  the  entire  model.  The 
results  of  the  first  series  were  compared  with  the  experimental  data  (somewhat  scarce),  obtained 
on  the  GE  unseeded  air  MHD  accelerator  [41,42].  In  these  experiments,  air  was  heated  up  to 
To=9500  K  at  a  pressure  P0=550  atm  behind  the  reflecied  shock  and  then  expanded  through  a 
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supersonic  MHD  channel  (channel  length  L=30  cm,  area  ratio  F2/Fi=2.0,  magnetic  field  B=4.2 
T).  The  experimentally  determined  test  area  impact  pressure  in  the  MHD-augmented  flow  was 
about  1.5-2  times  higher  than  in  the  isentropic  flow  in  the  same  channel.  Fig.  1  shows  calculated 
axial  profiles  of  the  gas  temperature  and  velocity  in  the  channel  for  both  MHD-augmented  and 
isentropic  flow,  as  well  as  velocity  profile  obtained  from  the  GE  group  1-D  equilibrium  flow 
model  [41].  The  good  agreement  between  these  two  models,  both  predicting  about  15%  velocity 
increase,  is  due  to  the  fact  that  at  the  high  temperature  T=6800  K  and  pressure  P=  10-30  atm  the 
flow  in  the  channel  is  very  close  to  the  local  thermodynamic  equilibrium.  The  effective  reduced 
electric  field  that  determines  the  electron  energy  in  crossed  electric  and  magnetic  fields,  was  also  . 
quite  low, 


(1)  -1 

E,  +  (Ey  -  uBj)2 

InL  n 

1  +  f}2 

<10'17  V  cm2 


so  the  electron  temperature  was  very  close  to  the  gas  temperature  throughout  the  channel.  The 
electric  conductivity  calculated  by  the  present  model  is  also  in  good  agreement  with  the  value 
measured  in  the  channel,  g=110  mhos/m.  Fig.  2  shows  the  axial  pressure  profile,  as  well  as 
distributions  of  nitric  oxide  and  atom  mole  fractions,  as  well  as  ionization  fraction.  One  can  see 
that  the  flow  quality  in  the  test  area  is  poor:  the  atom  fractions  remain  frozen  and  reach  10%  for 
N  atoms  and  30%  for  O  atoms.  In  other  words,  oxygen  is  almost  completely  dissociated.  Another 
disadvantage  of  this  reflected  shock  tunnel  MHD  accelerator  is  an  extremely  short  test  time 
(about  1  ms  in  these  experiments).  The  calculated  total  flow  power  increase  for  these 
experiments  is  about  25%,  from  20  to  about  25  MW,  which  corresponds  to  a  total  enthalpy 
increase  from  24  to  30  MJ/kg. 

The  second  series  of  calculations  was  made  for  the  AEDC  continuous  mode  MHD 
accelerator  running  on  potassium-seeded  (at  1.5%)  nitrogen  (Accelerator  B  of  Ref.  [39]).  In  these 
experiments,  nitrogen  was  heated  by  an  arc  heater  up  to  a  temperature  of  about  To=6000  K  at  a 
pressure  Po=3.3  atm  and  expanded  through  an  MHD  channel  (channel  length  L=77  cm,  area  ratio 
F2/Fi=2.1,  magnetic  field  B=1.5  T).  Figure  3  shows  the  temperature  and  the  flow  velocity 
distributions  along  the  channel.  Figure  4  presents  gas  temperature  and  velocity  at  the  channel 
exit  as  functions  of  the  accelerator  power.  One  can  see  that  experimental  and  calculated  data  are 
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in  good  agreement,  temperature  and  pressure  in  the  MHD-augmented  flow  being  up  to  30-50% 
higher  than  in  the  isentropic  flow.  Nonequilibrium  effects  in  the  channel  (N2  vibrational 
disequilibrium)  and  chemical  dissociation  are  both  insignificant.  The  gas  temperature  in  the 
channel  T-3000-4000  K  is  not  high  enough  to  stimulate  substantial  thermal  dissociation  of 
nitrogen,  while  fast  N2  V-T  relaxation  on  K  atoms  and  quite  slow  expansion  prevented  freezing 
of  nitrogen  vibrations.  Again,  the  effective  reduced  electric  field  was  low,  (E/N)ensl0'17  Vcm2, 
so  that  Te  =T  in  the  channel.  The  experiments  also  show  that  the  boundary  layers  in  the  channel 
overlap  [39],  so  that  one  has  a  fully  developed  channel  flow.  Indeed,  the  estimate  of  Eq.  (34) 
gives  the  ratio  of  the  boundary  layer  thickness  to  the  channel  halfwidth  8/r=l  already  at  x/L=0.5 
(Rex=6  105).  This  results  in  significant  power  loss  due  to  heat  transfer  and  wall  friction. 
Experiments  [39]  and  present  calculations  show  that  in  the  fully  powered  accelerator  (at 
maximum  power  loading  of  375  kW)  as  much  as  30%  of  the  initial  flow  power  of  640  kW  is  lost 
in  heat  transfer.  Both  measured  and  calculated  total  enthalpy  increase  for  the  fully  powered 
accelerator  is  about  25%,  from  7.6  to  9.5  MJ/kg. 

In  both  series  of  calculations,  the  agreement  with  the  experiments  is  quite  good.  We  note, 
however,  that  additional  model  validation  is  desirable,  in  particular  for  MHD  flows  where  the 
flow  is  far  from  thermal  and  ionization  equilibrium. 

3.  Results  and  discussion 

We  applied  the  kinetic  model  described  and  validated  in  Section  2  for  modeling  of  both 
alkali-seeded  and  unseeded  air  flows  in  MHD  accelerators,  in  a  wide  range  of  plenum  conditions 
and  for  various  nozzle  geometries.  The  main  objective  was  to  determine  the  feasibility  and 
efficiency  of  using  the  MHD  technology  for  the  high  Mach  number  energy  addition  wind  tunnel. 
All  subsequent  calculations  are  made  for  the  nozzle  throat  cross-section  area  Fthroat=4  cm2  and 
ideal  Faraday  accelerator  (Ex=P  (Ey-uBz),  jx=0  throughout  the  channel)  with  the  magnetic  field  in 
the  channel  Bz=10  T.  The  secondary  expansion  duct  was  assumed  to  be  2  m  long,  with  the  exit 
area  of  9  m2. 

3.1.  Unseeded  flows 

The  first  series  of  runs  was  made  for  the  N2:02=78:22  air  for  the  plenum  temperatures 
To=3000-6000  K,  and  plenum  pressures  Po=10-1000  atm.  The  MHD  channel  length  was  L=30 
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cm,  with  the  entrance  cross-section  area  Fj=8  cm2,  and  the  area  ratio  F2/Fi=2  (geometry  similar 
to  the  MHD  channel  used  in  [41,42]).  In  all  calculated  cases,  the  Mach  number  at  the  MHD 
channel  entrance  was  M=2,  and  the  channel  entrance  pressure  was  about  10%  of  the  plenum 
pressure  (1,  10,  and  100  atm,  respectively).  Constant  loading  parameter  K=Ey/uBz=2  was 
assumed.  Ionization  in  the  MHD  channel  was  sustained  by  a  relativistic  e-beam.  The  e-beam 
loading  per  molecule  D  was  in  the  range  0.0-1.0  keV/mol/s  and  was  assumed  to  be  constant. 

Figures  5,6  summarize  the  obtained  results.  Fig.  5  shows  the  total  eritnalpy  of  the  flow  H 
as  a  function  of  the  flow  entropy  S,  for  the  beam  load  D=1.0  keV/mol/s  .  The  exceptions  are 
Runs  #6  and  #3  for  which  the  beam  load  was  taken  to  be  D=0.3  and  0.1  keV/mol/s,  respectively, 
to  avoid  thermal  instability.  One  can  see  that  the  total  enthalpy  increase  is  very  small  unless  the 
plenum  pressure  is  low.  Note  that  all  runs  with  D=0  did  not  show  any  enthalpy  increase,  since 
the  thermal  ionization  of  air  at  these  plenum  temperatures  is  too  small.  Fig.  6  gives  the  ratio  of 
the  total  enthalpy  increase  AH  to  the  initial  enthalpy  Ho  and  also  the  ratio  of  the  absorbed  e-beam 
power  to  the  enthalpy  increase  AEbeam/AH  (beam  efficiency)  for  T0=3000  K.  As  one  can  see,  only 
for  the  plenum  pressure  of  Po=10  atm  (channel  pressure  <  latm)  does  the  nonequilibrium 
ionization  sustained  by  the  e-beam  provide  substantial  flow  power  increase  at  reasonable 
efficiency  (AH/Ho=0.5-2  and  AEbeam/AH=0.03-0.05).  At  higher  plenum  pressures  the  power 
increase  does  not  exceed  10-20%  of  the  initial  flow  power  (AH/H0<0.2),  and  it  is  mainly  due  to 
the  e-beam  stimulated  gas  heating  in  recombination  processes  (AEbeam/AH=0.6-1.0).  The  reason 
is  that  at  the  high  number  densities  the  recombination  and  electron  attachment  rates  are  so  fast 
that  the  ionization  fraction  sustained  by  the  beam  in  the  MHD  channel  becomes  far  too  low  to 
produce  a  noticeable  Lorentz  force.  For  example,  for  the  same  beam  load  of  0.3  keV/mol/s,  the 
ionization  fraction  in  the  channel  is  ~10'5  at  the  channel  pressure  of  1  atm,  ~10'6  at  10  atm,  and 
~10‘7  at  100  atm.  Since  the  total  power  addition  in  the  full-scale  high  pressure  wind  tunnel 
facility  has  to  be  AH~1  GW,  and  at  the  high  channel  pressure  conditions  AEbeam/AH  ~1,  this 
would  require  the  use  of  about  a  1  GW  e-beam  (in  a  very  inefficient  way).  Let  us  emphasize  that 
the  low  efficiency  of  this  method  at  high  pressures  is  primarily  due  to  the  high  rate  of  electron 
loss  (recombination  and  attachment),  which  is  independent  of  the  particular  method  of 
nonequilibrium  ionization.  Since  the  high-energy  e-beam  is  one  of  the  most  efficient  ionisation 
sources  available  (see  Section  2.2),  the  use  of  any  other  method  of  external  ionization  in  the  high 
pressure  MHD  channels  (P>1  atm)  is  also  not  feasible. 
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The  only  conceivable  way  of  efficient  use  of  e-beams  (or  any  other  ionization  source)  in 
high  plenum  pressure  flows  appears  to  be  expanding  the  flow  down  to  the  low  pressures  prior  to 
creating  nonequilibrium  ionization.  We  considered  the  feasibility  of  this  mode  of  operation  in  the 
second  series  of  calculations,  made  for  To=3000-6000  K,  Po=  1000  atm,  and  the  beam  load  D=1 
keV/mol/s.  The  MHD  channel  length  was  again  L=30  cm,  with  the  entrance  cross-section  area 
Fi=170  cm2,  the  area  ratio  F2/Fi=2.35  and  K=2=const.  The  channel  entrance  Mach  number  now 
was  M=5,  and  the  channel  pressure  was  about  1  atm.  The  results  shown  in  Fig.  7  demonstrate  a 
considerable  total  enthalpy  rise  (up  to  70%)  and  reasonable  beam  efficiency  (5-10%)  for  the  high 
plenum  and  channel  temperatures.  Higher  temperature  in  the  channel  leads  to  (i)  partial 
compensation  of  electron  attachment  by  thermal  detachment  from  the  negative  ions,  and  (ii) 
slower  recombination  rate  at  the  lower  number  density. 

It  is  easy  to  see  that  the  slope  of  the  H(S)  curves  on  the  Molier  charts  (Figs.  4,6)  is 
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where  dQ,otai  and  dQAermai  are  differentials  of  the  total  power  added  to  the  flow  and  of  the  power 
going  into  internal  degrees  of  freedom,  respectively  (in  Eq.  (40)  we  neglect  gas  heating  by  the 
beam).  Therefore,  the  flow  entropy  rise  AS  for  the  given  total  enthalpy  increase  AH  is 
determined  by  the  average  temperature  at  which  the  energy  is  added  to  the  flow  TaVg.  and  by  the 
loading  parameter  K>1.  MHD  accelerators  sustained  by  external  ionization  have  an  obvious 
disadvantage  compared  to  the  traditional  seeded-flow  accelerators  since  the  flow  expansion  prior 
to  the  MHD  channel  needed  to  reduce  the  pressure  also  results  in  the  low  channel  entrance 
temperature.  For  the  three  cases  show  in  Fig.  7,  Tavg=  1300,  2400,  and  4400  K,  with  the  steepest 
slope  dH/dS  corresponding  to  the  highest  value  of  Tavg.  Reducing  the  loading  parameter  would 
not  increase  tan(0)  since  it  would  reduce  the  total  power  added  to  the  flow,  proportional  to  K(K- 
1)  (see  Eq.  (40)),  and  inhibit  the  Joule  heating,  which  would  result  in  further  reduction  of  Tavg. 

The  third  series  of  calculations  for  the  full-scale  accelerator  was  made  for  To=5000  K, 
Pc=  1000  atm,  mass  flowrate  G=17.4  kg/s,  and  beam  loads  0.0-2. 0  keV/mol/s.  The  MHD  channel 
length  now  was  L=140  cm,  with  the  entrance  cross-section  area  Fi=200  cm2,  and  the  area  ratio 
F2/F i=1.65  (channel  entrance  Mach  number  M=5,  channel  pressure  P=l-2  atm).  To  prevent  the 
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large-scale  thermal  instability  (see  Section  3.3)  leading  to  excessive  gas  heating  in  the  channel 
and  increasing  chemical  dissociation,  the  loading  parameter  at  high  temperatures  was  reduced  : 


K  =  1.5 ,  T  <  2500  K 
K  =  1.0  +  0.5  (T/ 2500),  T>2500  K 


(41) 


The  :esults  of  calculations  are  shown  in  Figs.  8-11.  Fig.  8  presents  the  obtained  H(S)  curves, 
plotted  together  with  the  target  values  for  transatmospheric  vehicle  (TAV)  trajectory  (“flight 
envelope”).  One  can  see  that  although  the  total  enthalpy  of  the  flow  increases  1.5-2. 5  times,  the 
flow  entropy  is  considerably  larger  than  the  target  values.  The  main  reason  for  that,  as  discussed 
above,  is  the  low  MHD  channel  entrance  temperature  (see  Fig.  9  and  Eq.  (40)).  Therefore,  while 
the  calculated  Mach  numbers  in  the  MHD-augmented  flow  are  close  to  the  target  values, 
conditions,  the  flow  pressure  is  more  than  an  order  of  magnitude  lower  than  the  pressure  behind 
the  bow  shock  (see  Table  1). 

Table  1.  Unseeded  air  MHD  accelerator  performance. 

Left  and  central  sub-columns  -  target  values  for  Pdyn=2000  and  1000  lb/ft2,  respectively,  right 
sub-column  -  present  calculations. 


Case  # 

H,  MJ/kg 

S/R 

u,  km/s 

M 

1 

7.2 

7.0 

6.9 

27.9 

28.6 

28.9 

3.76 

3.64 

3.60 

9.4 

9.0 

8.9 

2 

11.6 

11.0 

11.4 

28.7 

29.3 

32.1 

4.78 

4.58 

4.60 

10.9 

10.4 

10.4 

3 

13.6 

14.6 

14.5 

29.0 

29.9 

33.5 

5.16 

5.31 

5.15 

11.4 

11.3 

10.9 

4 

15.8 

16.9 

17.2 

29.3 

30.2 

34.8 

5.58 

5.71 

5.49 

11.8 

11.8 

10.9 

Case  # 

P,  mbar 

yo.  % 

yNo,  % 

Tv(N2) 

Dbeam> 

keV/mol/s 

AEbeami 

MW 

AH, 

MW 

1 

41.1 

21.4 

12.8 

0.4 

7.0 

1574 

0.0 

0.0 

0 

2 

35.7 

18.5 

2.0 

1.5 

6.2 

2776 

0.3 

6.5 

77 

3 

34.4 

17.2 

1.3 

5.6 

6.2 

2857 

1.0 

21 

130 

4 

33.1 

16.1 

1.3 

14.7 

6.2 

2455 

2.0 

41 

176 

254 


Note  that  raising  the  beam  load  increases  recombination  losses  (the  ratio  AEbeam/AH,  see  table  1). 
In  particular,  this  makes  greater  the  average  loading  parameter  Kavg  defined  as  the  ratio  of  the 
total  power  going  into  internal  degrees  of  freedom  to  the  total  power  into  kinetic  energy.  For  this 
reason  the  slope  dH/dS  actually  decreases  with  the  beam  load  despite  the  fact  the  Tavg  becomes 
higher  (see  Figs.  8,9). 

The  calculated  transverse  current  density  in  the  channel  did  not  exceed  jy=10  A/cm2.  Both 
Joule  heating  and  e-beam  electron  impact  induce  chemical  reactions  in  the  channel,  first  of  all, 
dissociation  of  oxygen,  raising  0  atom  fraction  in  the  test  section  (see  Fig.  10).  Note  that  at  the 
same  time  the  exit  NO  concentration  changes  very  weakly  (see  Fig.  10,  Table  1).  This  type  of 
behavior  simply  reflects  the  dependence  of  equilibrium  concentration  of  these  species  on 
temperature  at  P=1  atm  at  the  channel  exit,  which  was  verified  by  comparing  the  results  with  the 
equilibrium  chemical  composition  data.  Higher-than-equilibrium  0  and  NO  exit  fractions  at 
Dbeam=0  (see  Table  1)  are  due  to  their  considerable  initial  concentrations  in  high-temperature 
plenum.  Fig.  1 1  also  shows  that  the  flow  becomes  close  to  the  vibrational  equilibrium  toward  the 
end  of  the  channel.  However,  one  can  see  from  Table  1  and  Figs.  10-11  that  the  flow  in  the  test 
section  is  far  from  being  at  equilibrium,  both  molecular  vibrations  and  chemical  composition 
being  frozen  in  the  rapid  expansion  which  occurs  at  low  pressure  and  temperature.  This  effect 
can  be  somewhat  reduced  (i)  if  the  energy  is  added  at  the  high  pressure  (which  in  this  case  is  not 
feasible),  so  that  the  relaxation  in  the  secondary  expansion  becomes  faster,  or  (ii)  slower 
expansion  is  used. 

Finally,  Table  1  shows  that  one  would  need  a  tens  of  Megawatt  ionization  source  to 
operate  the  full  scale  facility  at  the  channel  pressure  of  about  1  atm.  The  beam  efficiency  can  be 
improved  by  further  reducing  the  channel  pressure,  but  this  would  lead  to  even  greater  flow 
entropy  rise  because  of  the  lower  channel  entrance  temperature,  according  to  Eq.  (40).  The 
electron  beam  load  D  can  be  simply  related  to  the  beam  current  density  jbeam  and  the  energy  of 
the  beam  electrons  8beam  that  determines  the  penetration  length, 


U  0,%^00  g, 

(p/1.2) 


(42) 
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where  1  is  in  m,  Ebeam  is  in  keV,  and  p  is  in  kg/m3  [21].  For  the  conditions  of  Table  1,  keeping  in 
mind  that  l=2r^0.2  m,  and  the  absorbed  beam  power  AEbeam  =eDN  (Ll2)  sjbeam  Ebeam  -(LI),  one 
has  Ebeam-30  keV,  and  for  D=1  keV/mol/s 

jbean.^  — S0.3A/Cm2.  (43) 

^beajn 


3.2.  Seeded  flows 

The  first  series  of  runs  was  made  for  potassium-seeded  (at  1%)  air  for  the  plenum 
temperatures  To=3000-6000  K,  and  pressures  Po=10-1000  atm.  The  MHD  channel  length  was 
L=30  cm,  with  the  entrance  cross-section  area  Fi=8  cm2,  and  the  area  ratio  F2/Fi=2-25.  Again,  in 
all  calculated  cases,  the  channel  entrance  Mach  number  was  M=2,  and  the  channel  entrance 
pressure  was  about  10%  of  the  plenum  pressure.  Some  of  the  results  are  shown  in  Fig.  12.  All 
runs  for  To=3000  K  did  not  show  any  flow  acceleration  due  to  MHD  augmentation,  since  the 
thermal  electric  conductivity  of  the  mixture  was  too  low  (see  Fig.  12).  Calculations  for  T0=4500 
K  demonstrated  noticeable  total  enthalpy  rise  AH  only  for  the  plenum  pressures  of  Po=100  atm 
and  lower  (see  Fig.  12).  One  can  see  that  AH  also  increases  with  the  channel  area  ratio,  which 
results  in  the  lower  channel  pressure.  This  is  understandable  since  the  term  describing  the  flow 
acceleration  in  the  motion  equation  is  inversely  proportional  to  the  gas  density  (see  Eqs.  (1,2)), 

du  __  JyBz  __  g(T)att2(K-l)  /44V 

dt  p  P 

where  a(T)  is  proportional  to  the  ionization  fraction  <j)e=ne/N  (see  Eqs.  (32,34)).  Thus,  to  produce 
the  same  acceleration  at  the  higher  pressure,  higher  ionization  fraction  (and  therefore  higher 
plenum  temperature)  is  needed.  Finally,  substantial  acceleration  for  P0=1000  atm  was  obtained 
only  at  the  highest  plenum  temperature  considered,  T0=6000  K,  also  for  the  large  area  ratio 
Fz/Fi=9-25  (see  Fig.  12).  One  can  see  that  the  seeded  MHD  accelerator  for  the  wind  tunnel, 
which  requires  plenum  pressures  of  the  order  of  thousand  atmospheres  (see  Table  1),  should  also 
operate  at  high  plenum  temperatures  of  To~6000  K.  This  limit  can  be  somewhat  lowered  if  a 
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seed  with  lower  ionization  potential  (e.g.  cesium)  is  used.  Large  operating  area  ratios  F2/F1— 25 
are  also  preferable. 

The  second  series  of  runs  was  carried  out  for  the  full-scale  cesium-seeded  (at  0.5%)  air 
accelerator  for  plenum  conditions  T0=5000  K,  P0=  1000  atm  (mass  flowrate  G=17.4  kg/s).  The 
MHD  channel  length  was  L=140  cm,  with  the  entrance  cross-section  area  Fi=8  cm2,  and  the  area 
ratio  F2/Fi=36  (channel  entrance  Mach  number  M=2,  entrance  pressure  P=120  atm).  The  loading 
parameter  was  again  limited  to  prevent  the  developing  of  the  thermal  instability  (see  Section  3.3) 
and  the  current  density  becoming  too  high, 


k  =  i.o+%l  (45) 

cuBz 

The  calculated  H(S)  curves  are  shown  in  Fig.  13  for  different  values  of  jymax,  plotted  together 
with  the  target  TAV  trajectory  data.  One  can  see  that  at  these  conditions  the  total  enthalpy  can  be 
increased  up  to  5  times,  if  the  maximum  current  density  does  not  exceed  jym^  100  A/cm2,  while 
the  flow  entropy  rise  is  considerably  less  than  for  the  unseeded  flows  discussed  in  Section  3.1 
(see  Fig.  8).  Although  the  flow  entropy  is  still  somewhat  greater  than  the  target  value  (see  Fig. 
13),  the  seeded  accelerator  performance  is  clearly  much  better.  NO  and  O  fractions  in  the  test 
section  are  much  less  than  in  the  unseeded  accelerator  at  comparable  total  enthalpy  (see  Tables 
1,2).  Also,  the  calculated  flow  pressure  is  now  only  1.5-4  times  less  than  the  pressure  behind  the 
bow  shock  (see  Table  2). 

Table  2.  Cs-seeded  air  MHD  accelerator  performance. 

Left  and  central  sub-columns  -  target  values  for  Pdyn=2000  and  1000  lb/ft 2,  respectively,  right 
sub-column  -  present  calculations. 


Case  H,  MJ/kg  S/R  u,  km/s  M 

# 


1 

7.2 

7.0 

6.7 

27.9 

28.6 

28.3 

3.76 

3.64 

3.53 

9.4 

9.0 

9.1 

2 

13.6 

14.6 

14.1 

29.0 

29.9 

30.8 

'5.16 

5.31 

5.14 

11.4 

11.3 

11.5 

3 

18.4 

19.4 

19.7 

29.6 

30.4 

31.4 

6.02 

6.14 

6.07 

12.3 

12.2 

12.3 
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4 

24.8 

25.7 

25.2 

30.2 

31.0  31.9 

6.99  7.07 

6.88  13.1 

13.0  13.1 

5 

33.2 

33.8 

33.9 

30.9 

31.6  32.5 

8.08  8.12 

7.98  13.9 

13.8  13.7 

Case  # 

P,  mbar 

yes,  % 

yo.  % 

Yno,  % 

Tv(N2) 

Jymax> 

A/cm2 

1 

41.1 

21.4 

14.5 

0.5 

0.01 

4.5 

1992 

0 

2 

34.4 

17.2 

3.9 

0.5 

0.6 

4.3 

2630 

30 

3 

32.1 

16.1 

5.4 

0.5 

1.6 

4.1 

2829 

50 

4 

30.4 

15.3 

6.3 

0.5 

2.9 

4.2 

2944 

70 

5 

29.1 

14.7 

9.6 

0.5 

5.1 

4.9 

3078 

100 

The  latter  result  is  in  agreement  with  the  criterion  of  Eq.  (40).  First,  the  average  channel 
temperature  in  the  seeded  MHD  accelerator  is  generally  higher  than  in  the  e-beam  controlled 
channel,  even  though  it  is  being  controlled  to  reduce  chemical  dissociation  (see  Figs.  8,14). 
Second,  the  average  loading  parameter  in  these  runs  is  considerably  lower  (Kavg=l.l-1.3  vs. 
Kavg=1.6-1.8  for  the  unseeded  runs),  so  greater  part  of  the  input  power  goes  directly  into  the  flow 
kinetic  energy  and  does  not  contribute  to  the  entropy  rise.  One  can  see  from  Fig.  14  that  the 
efficiency  of  the  first  half  of  the  channel  is  less  than  that  of  the  second  (du/dx  is  lower)  due  to  the 
higher  gas  density  near  the  channel  entrance  (see  Eq.  (44)).  The  flow  in  the  channel  is  very  close 
to  the  thermochemical  equilibrium  (e.g.  see  Fig.  16),  which  is  also  confirmed  by  the  equilibrium 
chemical  composition  calculations.  However,  freezing  of  molecular  vibrations  (despite  the  tast 
V-T  relaxation  of  N2  on  Cs  and  oxygen  atoms)  and  of  chemical  composition  of  the  mixture  in 
the  test  area  is  still  well-pronounced  (see  Figs.  15,16). 

The  boundary  layer  growth  in  the  channel  is  quite  significant.  The  estimate  of  Eq.  (38) 
gives  5/r~0.25  at  x/L=l  (Rex=107).  The  calculated  heat  transfer  losses,  although  quite  large,  did 
not  exceed  15%  of  the  initial  flow  power.  However,  the  calculated  local  wall  heat  fluxes  in  the 
channel  reach  10-20  kW/cm2  for  jyn,ax=100  A/cm2,  which  may  severely  limit  the  operation  time. 

3.3.  Flow  stability 

Calculated  effective  reduced  electric  field  values  (see  Eq.  (39))  are  quite  low  for  all 
calculated  regimes,  typically  (E/N)efr<0.51016  V  cm2  for  unseeded  flows  and  (E/N)efr  <1.010 
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17  Vcm2  for  the  alkali-seeded  flows.  Analysis  of  the  results  shows  that  in  both  cases 
nonequilibrium  ionization  by  the  slow  plasma  electrons  is  negligibly  small.  For  this  reason, 
thermal  instability  [37]  and  breakdown  due  to  the  field-stimulated  nonequilibrium  ionization  in 
the  core  flow  are  extremely  unlikely.  However,  thermal  instability  due  to  the  Joule  heating 
might  still  develop.  Using  the  linear  stability  analysis  [37],  one  can  obtain  expression  for  the 
large-scale  instability  increment: 


K-l  y-1  jyEy  f81nnc  1^  2u 

~K  y  P~UlnT  +ITT 


(46) 


The  last  term  in  Eq.  (46)  is  the  reciprocal  characteristic  time  of  gas  cooling.  In  high-pressure 
flows,  where  the  convective  cooling  is  dominant,  it  is  simply  proportional  to  the  channel 
residence  time  L/u.  Combining  Eq.  (46)  with  the  expression  for  the  quasi -steady-state  electron 
density, 


S^k^+k^N2  (47) 

for  the  e-beam-sustained  discharge  (note  that  Sbeam  [l/cm3/s]~N  and  krec~T'°'5)  ,  or  with  the  Saha 
equation 


ne  =  const -n^  -T3M  -exp(-Ei0„  /2T) 


(48) 


for  the  thermal  ionization,  one  obtains  the  thresholds  of  the  large-scale  thermal  instability.  For 
the  MHD  channel  with  external  ionization  by  an  e-beam  one  has 


^  K  y  P  « 

jv  <  a - - - , 

Jy  K-l  y-1  Ey  L 


(49) 


where  a=8  and  a=4/3  for  the  recombination  and  attachment  controlled  discharges,  respectively. 
The  first  regime  is  realized  only  at  high  ionization  fractions  cj>e~  1 0"4  and  higher,  when 
krecne»kauN2  in  Eq.  (47)  (in  air,  krec~10'8  cm3/s,  katt~10'30  cm6/s2),  or  high  temperatures  T>3000 
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K,  when  thermal  detachment  from  the  negative  ions  compensate  electron  attachment.  For  the 
channel  with  equilibrium  ionization  one  has 


•  <  1  K  y  P  u 

ly~l  +  hss.  K-ly-1  VL 

8  4T 


(50) 


One  can  see  that  the  equilibrium  flow  is  less  stable  than  the  flow  controlled  by  the  external 
ionization:  for  EiOn/T~10-15,  typical  for  the  seeded  MHD  flows,  one  has  (S/S+EjonMTV^O.Z-OA 
The  criteria  of  Eqs.  (49,50),  applied  to  the  full-scale  accelerators  simulated  in  Sections  3.1 
(K=1.6-1.8),  and  3.2  (K=l.  1-1.3),  predict  stable  flow  at  jy<8-10  A/cm2  and  jy<40-100  A/cm2, 
respectively,  depending  on  the  loading  parameter  K.  One  can  see  that  in  both  cases  the  channels 
operate  on  the  verge  of  stability,  which  was  actually  observed  in  the  calculations.  This  was  the 
primary  reason  for  the  limiting  of  the  loading  parameter  for  both  accelerators  (see  Eqs.  (41,45)). 
The  criteria  (49,50),  used  for  the  estimate  of  the  flow  stability  in  experimental  MHD  accelerators 
[39,41]  predict  stable  core  flow  at  jy<  1 20  A/cm2  for  the  unseeded  GE  accelerator  and  at  jy<  1 5 
A/cm2  for  the  K-seeded  AEDC  accelerator.  In  these  experiments,  where  the  stable  core  flow  was 
indeed  observed,  the  current  densities  did  not  exceed  20  A/cm2  and  15  A/cm2,  respectively. 

Note  that  this  one-dimensional  core  flow  stability  analysis  cannot  be  applied  to  the 
boundary  layer,  and  it  also  does  not  account  for  the  spoke  instability  that  occurs  in  the 
nonuniform  flows  with  laige  Hall  parameters  [43]. 

The  possibility  of  arcing  in  the  boundary  layer  appears  to  be  very  high,  for  two  reasons. 
First,  electric  field  in  the  sheath  regions  near  the  electrodes  is  much  higher  than  in  the  core  flow 
due  to  the  voltage  drop  across  the  sheath  [37],  which  leads  to  the  electron  heating  by  the  field 
and  may  result  in  a  breakdown  and  arc  formation  between  the  adjacent  electrodes.  Second,  core 
flow  Faraday  mode  conditions  E^pfEy-uBz),  jx=0,  assumed  in  these  calculations,  will  no  longer 
hold  in  the  boundary  layer,  which  would  result  in  the  Hall  current  jx  flowing  between  the 
adjacent  electrodes.  This  current  can  be  very  large  because  of  the  high  recovery  temperature  in 
the  boundary  layer  and  high  scalar  electric  conductivity  a  (in  fact,  the  seed  could  be  completely 
ionized).  Both  these  effects  would  short  circuit  the  segmented  electrodes  along  each  wall,  so  in 
the  worst  possible  case  that  the  accelerator  would  run  in  a  continuous  electrode  mode  Ex=0, 
oeff=(j/(l+p2)  (see  Eqs.  (31)).  The  effective  electric  conductivity  in  the  full-scale  accelerator 


calculations,  where  Pmax~5-10  would  therefore  be  reduced  by  1-2  orders  of  magnitude,  making 
the  accelerator  performance  much  worse.  These  simple  arguments  are  consistent  with  the 
experimental  observations  made  on  the  GE  unseeded  MHD  accelerator  [41],  where  the  diffuse 
discharge  in  the  core  flow  and  arcing  between  each  pair  of  electrodes  on  the  same  wall  was 
observed  in  the  high  pressure  MHD  channel  at  P=  10-30  atm,  (E/N)eff  ~10'17  V  cm2.  Severe 
electrode  erosion  due  to  arcing  was  also  found. 

The  spoke  instability  results  from  increasingly  small  flow  nonuniformities  at  the  higher 
values  of  the  Hall  parameter  p  (the  threshold  nonuniformity  scale  is  Aa/a~l/pz),  for  example 
near  the  segmented  electrodes.  It  can  be  analyzed  using  a  two-dimensional  linear  stability  model 
that  must  incorporate  electric  field  perturbations  and  Maxwell  equations  [43]. 

The  quasi- 1-D  approach  used  in  the  present  study,  where  the  electric  and  magnetic  field 
axial  profiles  are  assumed  given  (see  Section  2.1),  does  not  allow  determining  whether  these 
distributions  are  consistent  with  the  boundary  layer  effects  or  whether  they  can  be  operated  at  the 
stable  conditions.  At  the  same  time,  we  believe  that  these  issues  are  of  utmost  importance  for  the 
MHD  channel  performance.  A  time-dependent  2-D  model,  where  the  coupled  flow  equations, 
chemical  kinetics  equations,  Maxwell  equations  for  the  fields  distributions,  and  Boltzmann 
equation  are  solved,  is  required  to  address  this  problem,  which  is  beyond  the  scope  of  the  present 
work. 

3.4.  Comparison  with  the  thermal  energy  addition  ~ lethods 

If  all  the  energy  added  to  the  flow  goes  into  internal  degrees  of  freedom  by  pure  heating, 
Eq.  (40)  simplifies: 

tan  0  =  =  T ,  (51) 

dS 


We  estimate  the  average  energy  addition  temperature  for  this  pure  heating,  assuming  the  initial 
and  the  final  flow  conditions  are  the  same  as  in  Case  #5  of  Table  2  (AH=27.2  MJ/kg,  AS=1.18 
kJ/kg/K,  see  Table  2).  Eq.  (51)  gives  Tavg^23000  K,  while  the  average  temperature  for  the  MHD 
energy  addition  process  is  just  about  3000  K  (see  Fig.  14).  This  remarkable  difference  is  due  to 
the  fact  that  most  of  the  field  power  in  the  MHD  channel  goes  directly  into  the  flow  kinetic 
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energy  (Kavg=1.2  for  Case  #5).  Let  us  also  estimate  Tavg  for  pure  heating  from  plenum  conditions 
To=2000  K,  Po=10000  atm  to  the  conditions  of  Case  #5,  assuming  that  caloric  equation  of  state 
[30,31]  is  still  valid  at  these  pressures.  One  obtains  AH=31.9  MJ/kg,  AS=3.15  kJ/kg/K,  giving 
Tavg= 10000  K  (Tavgs8000  K  for  To=1000  K).  For  the  more  modest  conditions  of  Case  #2 
Tavg=4500  and  3800  K  for  To=2000  and  1000  K,  respectively.  Note  that  the  gas  temperature  prior 
to  energy  addition  is  considerably  lower  than  Tavg.  This  means  that  any  attempt  of  reaching  the 
test  section  Mach  number  higher  than  M~  11-12  by  means  of  thermal  energy  addition  to  the  high 
pressure  air  flow  would  require  heating  the  gas  to  prohibitively  high  temperatures,  thereby 
inducing  considerable  chemical  contamination  of  the  flow. 

4.  Conclusions 

The  results  of  the  modeling  calculations  based  on  the  quasi-one-dimensional  kinetic 
model  described  and  validated  in  Section  2  allow  making  the  following  conclusions: 

(i)  the  use  of  high-energy  electron  beams  (or  any  other  external  ionization  source)  to  sustain 
nonequilibrium  ionization  in  high-pressure  MHD  channels  is  not  feasible  due  to  the  fast  electron 
loss  in  recombination  and  attachment  processes.  In  the  high  plenum  pressure  (Po~1000  atm) 
flows,  e-beams  can  be  efficiently  applied  to  create  nonequilibrium  ionization  only  after  the  flow 
is  expanded  to  the  low  pressures  P<1  atm. 

(ii)  in  the  latter  mode  of  operation,  nonequilibrium  ionization  sustained  by  an  e-beam  allows 
considerable  increase  of  the  total  enthalpy  of  the  flow  (1 .5-2.5  times,  M~tl  in  the  test  section) 
due  to  MHD  augmentation.  However,  in  this  case  the  static  pressures  in  the  test  section  are  more 
than  an  order  of  magnitude  lower  than  required  by  the  TAV  flight  envelope. 

(iii)  the  test  section  flow  quality  is  rather  poor  and  gets  steadily  worse  with  the  increase  of 
the  total  enthalpy  due  to  both  e-beam  initiated  dissociation  and  thermal  chemical  reactions. 

(iv)  the  high  plenum  pressure  (P0~1000  atm)  alkali-seeded  flows,  which  also  require  high 
plenum  temperatures  (To>5000-6000  K),  look  more  promising  for  the  wind  tunnel  application. 
Calculations  for  Cs-seeded  flows  predict  up  to  5  times  total  enthalpy  increase  (test  section  Mach 
number  M~14).  Predicted  test  section  static  pressures  are  also  closer  to  the  reference  values 
(although  they  are  still  1.5-4  times  lower).  The  calculated  oxygen  atom  and  NO  concentrations  in 
the  test  section  are  considerably  lower  than  for  the  unseeded  flows. 
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(v)  these  predicted  test  section  flow  parameters  can  be  obtained  in  a  flow  stable  with  respect 
to  large-scale  thermal  instability. 

(vi)  simple  thermodynamic  analysis  shows  the  advantage  of  adding  energy  to  the  flow  by 
means  of  a  body  force  over  the  purely  thermal  energy  addition. 

A  two-dimensional  time-dependent  kinetic  model  including  Maxwell  equations  is 
necessary  to  study  the  sheath  and  boundary  layer  effects,  as  well  as  to  get  a  better  insight  into  'he 
flow  stability. 
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Figure  1.  Axial  temperature  and  velocity  profiles 
for  the  GE  reflected  shock  unseeded  air  accelerator. 
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Figure  3.  Experimental  and  calculated  temperature 
and  velocity  axial  profiles  for  the  AEDC  potassium- 
seeded  accelerator. 
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Figure  2.  Axial  profiles  of  pressure  and  species  mole 
fractions  for  the  GE  accelerator. 
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Figure  4.  Experimental  and  calculated  exit 
temperature  and  velocity  for  the  AEDC  potassium- 
seeded  accelerator. 
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Figure  5.  Total  enthalpy  vs.  entropy  diagram  for  the 
MHD-augmented  unseeded  air  flows,  ionized  by  a 
high-energy  e-beam  (0^=1  keV/mol/s):  1-  T0=6000 
K,  P0-1000  atm;  2-  T0=6000  K,  P0=100  atm;  3- 
T0=6000  K,  P0=10  atm;  4-  T0=4500  K,  P0=1000  atm;  5- 
T0=4500  K,  P0=100  atm;  6-  T0=4500  K,  P0=10  atm, 
Dbeam=0.3;  7-  T0=3000  K,  Po=1000  atm;  8-  T<,=3000  K, 
P0=100  atm;  9-  T0=3000  K,  P0=10  atm,  0^=0.! 
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Figure  7.  Total  enthalpy  vs.  entropy  diagram  for  the 
high  plenum  pressure  (P0=lOOO  atm)  MHD-augmented 
unseeded  air  flows,  ionized  by  a  high-energy  e-beam 
(Dbeam=l  keV/mol/s).  The  flow  is  expanded  to  P~1  atm 
before  entering  the  MHD  channel. 
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Figure  6.  Total  enthalpy  increase  AH/Ho  and 
beam  efficiency  AE^n/AH  for  the  MHD- 
augmented  unseeded  air  flows  at  To=3000  K: 
1,1*-  P0=10  atm,  2,2’-  P0=100  atm,  3,3’- 
Po=1000  atm. 
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Figure  8.  Total  enthalpy  vs.  entropy  diagram1  for  the  full- 
scale  unseeded  air  MHD  accelerator  with  external  ionization 
by  an  e-beam.  Po=lOO0  atm,  To=5000  K,  L=140  cm,  F2/F- 
i=1.65.  Dashed  lines  -  TAV  flight  envelope.  Also  shown 
H(S)  for  the  GE  reflected  shock  unseeded  air  accelerator. 
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Figure  9.  Axial  temperature  and  velocity  profiles  for 
the  accelerator  of  Fig.  8  for  different  beam  loads. 
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Figure  10.  Axial  profiles  of  pressure  and  species  mole 
fractions  for  the  accelerator  of  Fig.  8  for  different  beam 
loads. 
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Figure  11.  Axial  profiles  of  the  translational 
temperature,  vibrational  temperature  of  nitrogen,  and 
electron  temperature  for  the  accelerator  of  Fig.  8  for 
Dbeam=l  keV/mol/s. 


Figure  12.  Total  enthalpy  vs.  entropy  diagram  for  the 
MHD-augmented  K-seeded  (at  1%)  air  flows. 
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Figure  13.  Total  enthalpy  vs.  entropy  diagram  for  the 
full-scale  Cs-seeded  (at  0.5%)  air  MHD.  P0=1000  atm, 
T0=5000  K,  L=140  cm,  F2/Fi=1.65.  Dashed  lines  - 
TAV  flight  envelope.  Also  shown  H(S)  for  the  AEDC 
K-seeded  (at  1.5%)  accelerator. 
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Figure  15.  Axial  profiles  of  pressure  and  species  mole 
fractions  for  the  acce'erator  of  Fig.  13  for  different 
maximum  current  densities. 
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Figure  14.  Axial  temperature  and  velocity  profiles  for 
the  accelerator  of  Fig.  13  for  different  maximum 
current  densities. 


Temperatures  (K) 
Gas  velocity  (m/s) 


X,  cm 

Figure  16.  Axial  profiles  of  the  translational 
temperature,  vibrational  temperature  of  nitrogen,  and 
electron  temperature  for  the  accelerator  of  Fig.  13  for 
jymax=lfiO  A/cm  . 
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